Mechanical characterisation of freeze-dried biopharmaceuticals by McCartney, Sharmila
I 
 
Mechanical characterisation 
of freeze-dried 
biopharmaceuticals 
 
A dissertation submitted to Imperial College London for the degree of 
Doctor of Philosophy 
Department of Chemical Engineering 
Imperial College London 
South Kensington Campus 
Exhibition Road 
SW7 2AZ 
London 
United Kingdom 
 
April 2014 
 
 
 
 
 
 
 
 
SHARMILA MCCARTNEY 
 
II 
 
 
Copyright  
 
 
The copyright of this thesis rests with the author and is made available under a 
Creative Commons Attribution Non-Commercial No Derivatives licence. Researchers 
are free to copy, distribute or transmit the thesis on the condition that they attribute it, 
that they do not use it for commercial purposes and that they do not alter, transform 
or build upon it. For any reuse or redistribution, researchers must make clear to 
others the licence terms of this work.  
 
 
 
Copyright © 2014 Sharmila McCartney 
 
 
Department of Chemical Engineering  
Imperial College London  
South Kensington Campus  
Exhibition Road  
SW7 2AZ  
London  
United Kingdom  
 
 
 
Printed in the United Kingdom 
III 
 
 
 
 
 
 
 
 
In memory of my dad, Mr. Govind Narayan, who taught me the value 
of hard work and never giving up. 
 
 
 
  
IV 
 
Acknowledgements 
 
 
 
The work for the present thesis has been performed between July 2010 and Dec 
2013 at the Department of Chemical Engineering, Imperial College, London, UK. 
  
This thesis would not have been successful without the guidance from Dr Daryl 
Williams. My PhD journey would not have been possible without constant support, 
motivation and encouragement from Daryl. Thanks ever so much.  
 
I would like to thank Dr Kevin Ward and Isobel Cook at Biopharma Technology Ltd 
and Biopharma Processing Systems for their guidance, discussions and support 
throughout and for letting me use their freeze-driers at initial stages of my PhD.  
Mervyn Middleton, for help with sample preparations using the Lyostar.  
 
Thanks also to Dr Jerry Heng, for his encouragement and support throughout this 
project.  
 
Huge thanks to Nick Corps at Skyscan (Bruker) for help and patience with all my 
work with X-ray tomography and analysis using various software. Thank you to 
Surface Measurement Systems for help in writing the MTI software.   
 
Thank you to Stephen Rothery at Faculty of Medicine, National Heart and Lung 
Institute, Imperial College for his advice on confocal and wide angle microscopy 
techniques.  
I am deeply indebted to Biotechnology and Biological Sciences Research Council 
(BBSRC) and Biopharma Technology Ltd & Biopharma Process Systems Ltd for the 
funding to pursue this degree and for making my dreams come true. 
  
V 
 
 I would like to thank all the members of Surfaces and Particle Engineering 
Laboratory (SPEL) between 2010 and 2014 for their impromptu discussions, 
understanding in usage of limited laboratory spaces and words of encouragement. 
 
Many thanks to my parents for all their teachings on dedication and hard work in 
pursuit of ones dreams.   
 
Finally, a big thank you to my husband Paul McCartney, for his understanding and 
patience, over the years. Your sense of belief and pride in my studies is much 
appreciated. 
  
  
VI 
 
Declaration  
 
 
All work referred to in this thesis was carried out at the Department of Chemical 
Engineering, Imperial College London, United Kingdom between August 2010 and 
December 2013. Except where acknowledged, all content is original work of the 
author and includes none from any collaboration and no part of this thesis has been 
submitted for a degree at any other institution. 
 
 
  
VII 
 
ABSTRACT 
 
This thesis presents comprehensive investigations into the mechanical behaviour of 
freeze dried (FD) biopharmaceuticals with respect to processing conditions (freezing rate, 
mode of ice nucleation and primary drying temperature).  The contribution of formulation 
composition, cake density and individual excipients on the mechanical properties were 
studied.  The interactive effect of processing conditions and model formulation composition 
was also studied using statistically designed experiments.  
A mechanical indentation test using a flat faced punch was developed and validated 
to test fragile freeze-dried cakes in-situ (within vial) without any sample preparation. FD 
cakes were made from sucrose, trehalose, mannitol and model formulations with lysozyme 
and bovine serum albumin (BSA) under typical industrial FD process conditions. 
 Freeze-dried cakes exhibited failure by a brittle crushing mechanism. An initial near 
linear rise in the stress-strain curve represented cake elastic behaviour and transitioned into 
a steady stress plateau as strain was increased, with intermittent cracking and crushing 
failures representative of cells failures in the z axial direction.   
 FD trehalose, sucrose and mannitol have distinctly different Young’s modulus and 
maximum stresses at failure.  Higher primary drying temperature (-40°C) causes cell micro-
collapse hence reduces the Young’s modulus and crushing stress compared to -50°C. 
Cakes manufactured at faster cooling rates (0.9°C/min) produce smaller pore sizes but more 
in number resulting in higher Young’s modulus and crushing stress compared to slower 
cooling rates of 0.09°C/min with less numerically but larger pore sizes.  Controlled 
nucleation creates a narrow pore size distribution resulting in a uniform Young’s modulus 
and similar crushing stress compared to cakes with wider pore size distributions 
(spontaneous nucleation).  FD lysozyme and BSA products cakes are strongest when 
mannitol and sucrose are used in combination at ~1:1 ratio compared to other formulation 
compositions.   
 In summary, the findings offer a systematic understanding of the relationship of 
mechanical behaviour of FD cakes, processing conditions and formulation composition.  The 
mechanical test method developed can potentially provide a quantitative critical quality 
attribute related to internal FD cake structure hence its robustness for handling and 
transportation. It will provide information on suitability of biopharmaceutical formulations 
including excipients for manufacture of robust FD cakes. 
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NOMENCLATURE 
 
V Freezing rate  (°C min-1) 
T(r,t) Temperature field, a function of both time t, and location, r within the 
freeze-drier (°C) 
dt Change in time (min) 
∆Hs Heat of sublimation (J mol
-1) 
dQ/dt Rate of heat input (Wm-1K-1) 
dm/dt sublimation rate (g/min) 
Av Cross sectional area of the vial (m
2) 
Kv Vial heat transfer coefficient (Wm
-2K-1) 
Ts Shelf temperature (°C) 
Tp Product  temperature (°C) 
P0 Vapour pressure (Torr) 
Pc Total pressure in the chamber (Torr) 
Rp Product resistance (cm
2mTorrhrg-1) 
Rs Resistance of the stopper in the vial (cm
2mTorrhrg-1) 
ϕ Volume fraction 
Δl Change in intensity of light after passing through the container (W cm-2) 
Γ Full width at half maximum of the absorption signal 
x Diameter of the vial containing the sample (m2) 
S Integrated absorption cross section 
l0 Incident laser intensity, 
Π Constant 
m Mass of converted substance  (g) 
M Molar mass (g mol-1) 
Q Measured amount of charge (ampere-seconds) 
z Number of exchanged electrons (charge number) 
F Electrochemical equivalent (1F = 96485 coulomb per mole; 1c=1 
ampere-second) (Equation 8)  
dq/dt Heat flow measured by the calorimeter (Wm-1K-1) 
H Enthalpy change for the reaction (kJmol-1) 
1 Time from the initiation of the experiment (min) 
 Residence time of the flowing solution in the calorimetric flow cell (sec) 
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R Flow rate within the calorimeter 
k1 First order rate constant 
τ Single relaxation time  associated with the kinetics of depolarisation 
(Equation 10) (sec) 
P(t) Dipolar polarisation time at temperature T as a function of time t. (sec) 
(Ip) Depolarisation current (A) 
s Area of the sample in thermally stimulated current method (m2) 
Tf Temperature at which polarization is zero (K) 
q Heating rate in thermally stimulated current method (Ks-1) 
P Partial pressure of adsorbate gas in equilibrium with the surface at 77.4 K 
(b.p. of liquid nitrogen) (Pa) 
Po Saturated pressure of adsorbate gas (Pa) 
Va Volume of gas adsorbed at standard temperature and pressure (STP) 
(273.2 K & atmospheric P (1.013 x 105 Pa) ml 
Vm Volume of gas adsorbed at STP to produce an apparent monolayer on 
the sample surface (ml)  
C Dimensionless constant that is related to the enthalpy of adsorption of the 
adsorption gas on the powder sample.  
N Avogadro constant (6.023 × 1023 mol−1) 
a Effective cross-sectional area of one adsorbate molecule, in square 
metres (0.162 nm2 for nitrogen and 0.195 nm2 for krypton) 
m Mass of test powder (g) 
u Linear attenuation coefficient  
Io Incident x-ray intensity  
l Remaining intensity after it has passed through the sample 
h Sample thickness in XRT measurements (µm) 
Z Atomic number   
a, b a represents the Klein-Nishina coefficient and b is the constant  
(Equation 17) 
F Force required to move one atom from another    (Equation 18) 
x Distance  been the atoms (µm) 
k Elasticity constant (Pa) 
σ Stress  (Pa) 
ε Strain  
F Applied force (Equation 20) (N) 
XXIV 
 
E* Modulus parallel to the cell walls (Equation 21) (Pa) 
Es Young’s modulus normal to the cell wall (Equation 22-24) (kPa) 
E45 Young’s modulus measured in diagonal direction to the cell wall (kPa) 
t Thickness of the cell wall (m) 
l Length of the cell (m) 
ρf Density of cellular structure (gcm
-3) 
Ρs Density of solid material(gcm
-3) 
σ Compressive stress (kPa) 
 Compressive strain  
Ψ() Dimensionless function of compressive strain 
φ Solid fraction of solid in the cellular foam 
σ*f Crushing stress of foam (kPa) 
σf Modulus of rupture of the cell wall material (kPa) 
Es Young’s modulus of the solid matrix (kPa) 
E, Ef Young’s modulus of the cellular structure (kPa) 
P0 Fitting constant 
p ρf/ρs 
C,C1, C’1 Constants (Table 3) 
I moment of inertia (Kgm2) 
Es Young’s modulus of the solid cell wall material (kPa) 
l Cell length  (m) 
I Second moment of area (Kgm2) 
C1 Constant and depends on the cell geometry (Equation 30) 
σs Modulus of rupture which is the maximum stress in a material at the 
instant of failure for the material of construction (Pa) 
σmax Maximum stress of the cellular structure at failure (Pa) 
K*ic fracture toughness (Pam
1/2) 
m Weibull modulus (Equation 36)(dimensionless) 
𝑝𝑜, m Fitting parameters and not conventional percolation threshold and 
exponent (Equation 38) 
h Height of the sample after movement of the load cell/crosshead (µm) 
ho Original cake height (µm) 
A, Ao Contact surface area in m
2 of the flat punch (m2) 
σi Indentation stress (Pa) 
σcr Crushing stress (Pa) 
hm Deflection displacement (µm) 
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ht Observed displacement (µm) 
Er Reduced modulus (Pa) 
E Young’s modulus (Pa) 
 Poisson’s ratio 
c Deflection at which an individual strut in the open cell structure is expect 
to break (µm) 
m Constant and multiplier of order 3 
ρapp Apparent density (gcm
-3) 
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THESIS OBJECTIVES 
 
Freeze-drying is the standard method used for the manufacture of solid state 
biopharmaceuticals. However, the final biopharmaceutical products made by this process are often 
physically or mechanically fragile and can be easily damaged during processing and transportation. 
Such damaged cakes can often be deemed unacceptable by the end user and lead to potential 
product and financial losses.  
 This project aims to develop a robust, reproducible and accurate methodology for the 
mechanical testing of fragile, moisture sensitive freeze-dried cakes. Ideally, the method should be 
capable of detecting small changes in the mechanical and physical properties of these fragile freeze-
dried cakes. Furthermore, the method should be capable of investigating hygroscopic cakes which 
dictates the need for a fast test. Having developed such a method, a detailed understanding of the 
relationship between mechanical behaviour of freeze-dried cakes and the process conditions and 
product formulations is required. This knowledge could be used as a critical quality attribute to 
enable the manufacture of robust freeze-dried products at the first attempt using for example 
quality by design approach, rather than trial and error based approaches. 
The specific objectives of this research are: 
1) To develop a mechanical testing instrument with a load cell suitable for testing fragile 
freeze-dried cakes which has the capability to impose linear displacement at a high 
resolution and report the resultant forces and displacements.  
2)  To determine the accuracy, sensitivity and performance of the mechanical test instrument 
and validate its use for this application. 
3) To manufacture freeze-dried cakes that are relevant to biopharmaceutical formulations 
under processing conditions that are relevant to industrial applications.  
4) To understand the mechanical behaviour of freeze dried cakes in comparison to the 
mechanical behaviour of other cellular materials.  
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5) To understand the relationship between the mechanical behaviour of the formulated FD 
product and processing conditions used for freeze drying. 
6) To identify processing conditions and formulation guidelines for the manufacture of non-
fragile, physically robust biopharmaceutical freeze-dried products. 
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THESIS OUTLINE 
 
The background for this research and a brief description on the current state of knowledge for 
freeze drying of biopharmaceuticals as well as motivation and objectives of the thesis are discussed 
in Chapter 1. Understanding of the freeze-drying process, also called lyophilisation, as specifically 
used for biopharmaceutical freeze-drying including a description of the steps involved to achieve an 
acceptable FD cake are discussed in Chapter 2.  A review of the different types of excipients that may 
be used in biopharmaceutical formulations and the roles of these excipients in the formulation so as 
to achieve an acceptable product, are detailed in Chapter 3.  Chapter 4 reviews the characterisation 
methods, mainly analytical, currently used to assess freeze-dried biopharmaceutical products either 
for research purposes or for industrial application.  Cellular materials are defined in Chapter 5 
including both regular and irregular structures, the mechanical behaviour of foam and cellular 
materials are reviewed with specific attention to linear elastic properties and brittle crushing 
behaviour.  Chapter 6 details the methodology adapted for the preparation of the freeze-dried 
cakes, outlines the design of experiments, a description of the novel mechanical method, assembly 
and validation of the mechanical testing instrument and other characterisation techniques that were 
used are outlined.  Chapter 7 details the validation of the mechanical method with respect to 
accuracy; compliance and repeatability of the method and the mechanical behaviour of typical 
biopharmaceutical excipients are also reported. Chapter 8 describes the Young’s modulus 
determination of amorphous excipients used in this work. Chapter 9 discusses the relationship 
between process conditions e.g. cooling/freezing rate, freezing temperature, spontaneous and 
controlled nucleation and mechanical behaviour of different excipients and reproducibility between 
freeze-drying cycles with respect specific attention to FD cake mechanical properties. Chapter 10 
describes the mechanical behaviour of model biopharmaceutical formulations with respect to the 
combined effects of formulation composition and freezing rate.  Chapter 11 details the conclusions 
drawn from the findings of the research and suggestions for future work.      
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CHAPTER 1 INTRODUCTION 
 
Many naturally occurring compounds or products need modification either to make them 
consumable, safe for human consumption or often for preservation. For bioactive macromolecules, 
freeze-drying is the most commonly used method of preservation and extension of shelf life. Freeze-
drying of bioactive macromolecules, commonly called biopharmaceuticals, is a widely used method 
for the preparation of solid products for subsequent dissolution and delivery of bioactive therapeutic 
agents to patients in a liquid based formulations.   
 Even though liquid formulations are the easiest to handle and most economical to manufacture 
(Carpenter et al. 1997), many organic and bioactive compounds are susceptible to chemical 
degradation in aqueous formulations by both reactions (e.g. deamidation, oxidation) as well as 
physical degradation (e.g. aggregation and precipitation in liquid formulations) (Arakawa et al. 1993; 
Arakawa et al. 2001). The degradative reactions and physical degradation processes are accelerated 
in solution conditions and are thus avoided or significantly slowed down by lyophilisation (Wang 
2000), with the resultant solid biopharmaceutical products being  stable for months or years at 
ambient conditions (Pikal 1994).  Freeze drying is readily used to preserve biopharmaceutical, 
viruses, food products, biological specimens and archaeological artefacts (McCleary 1987) and was 
used for 46 % of all biologics approved by the Food and Drug Administration (FDA) (Constantino 
2004) in the year 2004. 
The freeze-drying process is also known as lyophilisation, where the active compound is 
dissolved in an aqueous solution with suitable buffers and stabilising agents and the solidified 
solvent is sublimed out. The process is carried out in 3 steps; freezing, primary drying and secondary 
drying. A major challenge for the development of biopharmaceuticals by freeze-drying is the 
optimisation of final product efficacy and to maintain the final product quality and stability (Shire 
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2009). For biopharmaceutical manufacture, the active species ingredients are commonly proteins 
which are exposed to different environmental conditions and stresses during the various 
manufacturing unit processes which consequently impact on the efficacy and performance of the 
final product.  
Up to the 1990s, the development of optimum freeze drying conditions to achieve 
consumable products was empirical based on innovations, improvements including intensive testing 
and inspections to achieve the required product quality (Lewis et al. 2009), or simply by trial and 
error (Tang and Pikal 2004; Vecchio 2011). By trial and error method, an extra 2-3 hours is added to 
the drying cycle in the hope of achieving a suitably dried product (Wang 2000).  Subtle differences in 
processing conditions can, however, have significant impact on the critical quality attributes of 
freeze-dried products (Roy and Gupta 2004) and this method of optimisation has high costs and 
takes a long time.  
Today, not only is achieving the optimum manufacturing conditions required industrially, but 
a scientific understanding of the lyophilisation process is considered equally important regardless of 
whether it is food, pharmaceuticals or other products. In the pharmaceutical industry for example, 
an active compound can take over 10 years (Figure 1-1b)  to be transformed into a medicine suitable 
for human consumption (DiMasi et al. 2003).  It also requires investments worth as much as a total 
of US$800 million (Figure 1-1a) in time and resources, and often producing vast quantities of waste 
during the process and product development cycle. It can cost as much as US$10 just to 
manufacture one dosage unit of a biopharmaceutical product (Koganti et al. 2011) therefore 
intelligent processing is needed.  
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a) 
 
b) 
Figure 1-1:  a) Investment required for a medicinal product to reach the market from discovery and b) shows 
the ideal process by which this product should be achieved. From (DiMasi et al. 2003)  
 
In 2002, the pharmaceutical industry launched a systematic approach to pharmaceutical 
development where the process began with predefined objectives which emphasised product and 
process understanding. It also included process control, based on sound science, engineering and 
with a clear understanding of manufacturing deviations (Martin-Moe et al. 2011), see Figure 1-1b. 
This systematic approach is called ‘Quality by Design’ (QbD).  This approach enables the 
identification and explanation of critical sources of product and process variability.  The scope of 
QbD approach demands a scientific based understanding.  This specifically includes controlling the 
formulation in relation to the process variables, risk assessments, and the use of rational 
experimental design to produce robust, efficacious products and reproducible processes at the first 
attempt (Martin-Moe et al. 2011).   
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Figure 1-2:  Physical characterization for freeze-drying: integrating formulation and process development. 
From (Liu 2006) 
 
In any QbD process, it is important to firstly define the required performance of the finished 
product and relate suitable attributes of the product to this performance.  The basis of QbD is to 
utilise the knowledge on product attributes and its relationship with raw materials and process 
conditions to ensure that the process is fully capable of manufacturing a product that meets the final 
product specifications at the first attempt.  Critical formulation factors for freeze-dried products 
include; moisture content, biopharmaceutical stability/potency, appearance, cake elegance, and 
morphological parameters.  In the lyophilisation processing (Figure 1-2) the critical process factors 
include the freezing conditions because they determine the pore size distribution in the final cake 
structure, and therefore affects mass flow to resistance during primary drying.  The freezing step 
also affects product stability in freeze concentrate or ice/water induced surface denaturation. 
Different ice morphologies form due to ice nucleation occurring at different temperatures during 
freezing which also affect product stability e.g. structural firmness during drying steps. See Figure 1-
3.  
Formulation in 
Solution 
Freeze-drying 
process 
Freeze-dried 
product 
Characterisation of 
Freeze-dried solid 
state 
Cycle design and 
Optimisation 
Charaterisation 
in frozen state 
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 Simple statistical analysis can be applied to actual quantitative measurements taken during 
the FD process to characterise it, and this approach will allow unpredicted variations to be detected 
well before the process reaches the specification limits, e.g. accurate measurement of shrinkage can 
predict unacceptable level of collapse (Schmitt 2012).  
 
Figure 1-3 : Pictures of freeze-dried cakes; perfect and crumbled (left to right) 
 
Characterisation of product or process quantitatively provides important information, which 
is necessary for the rational formulation development of individual unit operations and the scale-up 
process. For the freeze-drying process in general, methods of freeze-dried (FD) product 
characterisation have been adopted from the commonly used physical characterisation methods 
applied to pharmaceutical products such as powders and tablets, e.g. surface area measurements by 
BET.  A small number of new methods have been developed specifically for freeze-dried product e.g. 
freeze-drying microscopy.  Qualitative measurements on FD products such as appearance or 
elegance can often be subjective, and may not be as effective in discriminating between compliant 
and non-compliant products.  For the purposes of a modern mode of cycle development, 
quantitative or semi quantitative measurements of product properties are compulsory (MacKenzie 
1975).  
With an ever increasing biopharmaceutical industry, where the sales were estimated to be 
worth $99 billion in 2009 and with continuing growth predicted (Walsh 2010), improved methods for 
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FD manufacture are paramount to meet this increasing production of biopharmaceuticals. Typical 
CQA’s suitable for FD biopharmaceuticals are (Yu 2008); protein stability, glass transition 
temperature of the cake, and the internal physical structure of the cake (Carpenter et al. 1997). The 
perception of suitable CQA’s does vary between researchers, and there are various attributes 
utilised for process optimisation which may or may not be considered as CQA’s generally. For 
example, DeBeer et al (De Beer et al. 2011) used; onset and duration of ice crystallisation process 
step, onset and duration of mannitol crystallisation, duration of primary drying, residual moisture 
content and amount of mannitol hemihydrate present as the quality attributes for process 
understanding.   Koganti  (Koganti et al. 2011), Mockus (Mockus et al. 2011) and Kramer (Kramer et 
al. 2009) used dry layer flow resistance, hence primary drying time, as the key measurable attributes 
against the process variables of shelf temperature and pressure. Cannon and Shemeley (Cannon and 
Shemeley 2004) measured the ice sublimation rates for various FD vial types in order to provide an 
understanding between vial glass types, vial diameter and base concavity and the ice sublimation 
rates.  Grant et al (Grant et al. 2009) investigated the effect of excipients, lactose monohydrate and 
polyvinylpyrolidone on the freezing temperature and sublimation rate in a controlled experimental 
design. These descriptors may be good for process understanding, however, may not be suitable as 
CQAs. 
 It is important to identify CQAs for freeze-dried (FD) biopharmaceuticals that relate directly 
to product performance. Ideally, a CQA that is easy to measure, is non-destructive for the sample 
and is rapid, and for which the fundamental science is well developed in the context of freeze-drying 
of biopharmaceuticals, is highly desirable.  As recently as 2012, the CQA’s that are practical to assess 
freeze-drying for quality purposes, proposed (Sunderland 2012) for biopharmaceuticals were; 
physical appearance, reconstitution time, residual moisture content and protein assay were suitable 
CQA’s.  The physical appearance was defined in terms of colour in hue, tint and tone, shade and 
intensity; all qualitative descriptors.  The cake structure was described as being coarse, fine with a 
visual inspection for pockets or voids,  signs of collapse or melt back, sheen or matt colour and dense 
7 
 
or porous. The finish was described as either rough or smooth, a qualitative description for friability 
to include minimum breakage hence ‘good friability’ or break into pieces as ‘poor friability’. 
Topography was described as ‘with peaks’ or no peaks, flakes, bumps, cracks and concavity.  The 
shrinkage was measured semi-quantitatively by measuring the final dimensions of the FD cake.  
Although these descriptors are suitable for physical acceptance of the product, these measurements 
are all subjective and are therefore unable to reflect quantitatively any differences between vials or 
batches.  As such they are of very limited use in both formulation research or used as QbD 
descriptors for industrial application.  
 Freeze-drying has been used for multiple industrial purposes since 1930’s; however, it is only 
since 2002 that a more systematic approach is being sought for industrial lyophilisation processes 
and products. Although many characterisation techniques for assessing biopharmaceutical products 
exist, none describe the fundamental mechanical behaviour of freeze-dried cakes which in turn 
relates quantitatively to the commonly used ‘fragile’ descriptor.  Although the structure of the cake 
is described variably in the literature, the relationship between cake structure and the FD processing 
conditions to cake fragility has not been previously investigated. Hence, a need to understand the 
effect of processing conditions, excipients choice and solution composition, and their mechanical 
behaviour, which quantitatively describes the fragility of a cake, would be highly desirable.  This 
information could thus, be useful in mapping out the processing conditions required or formulation 
composition that could produce ‘hard’ (i.e. non-fragile and durable) cakes that don’t break easily on 
handling.  
 The objective of this thesis was to establish a robust and accurate method to firstly, 
determine the mechanical hardness/crushing strength of the biopharmaceutical related freeze-dried 
cakes, and secondly, to establish the relationship between mechanical strength and the formulation 
and processing conditions used in typical freeze-drying processes, using model proteins. The specific 
objectives of this research were: 
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1) To develop a mechanical testing instrument with a load cell suitable for testing fragile 
freeze-dried cakes which has the capability to impose linear displacement at a high 
resolution and report the resultant forces and displacements.  
2)  To determine the accuracy, sensitivity and performance of the mechanical test instrument 
and validate its use for this application. 
3) To manufacture freeze-dried cakes that are relevant to biopharmaceutical formulations 
under processing conditions that are relevant to industrial applications.  
4) To understand the mechanical behaviour of freeze dried cakes in comparison to the 
mechanical behaviour of other cellular materials.  
5) To understand the relationship between the mechanical behaviour of the formulated 
product and processing conditions used for freeze drying. 
6) To identify processing conditions and formulation guidelines for the manufacture of non-
fragile, physically robust biopharmaceutical freeze-dried products. 
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CHAPTER 2 FREEZE-DRYING PROCESS 
 
Freeze-drying, also known lyophilisation includes three main steps: 
1) Freezing 
2) Primary drying 
3) Secondary drying 
 
 
 
 
               Figure 2-1 :  An overview of the freeze-drying process for biopharmaceutical formulations 
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Figure 2-1 shows a high level view of the steps involved in freeze-drying process, including the 
three main process steps. On the right hand side is list of controllable parameters during their 
respective process steps. 
 Freezing Step 2.1
The freezing step in lyophilisation, refers to the process of ice crystallisation from a 
supercooled solution (Petzold and Aguilera 2009) containing the dissolved active product. The 
objective of the freezing step is to convert all solutes into solids, either crystalline or glassy solids by 
cooling the solution until it freezes.  Cooling rate refers to the rate at which the solution is cooled, 
and the freezing rate is the rate of ice crystal growth after ice has nucleated. 
The freezing process first involves the cooling of the solution until ice nucleation occurs after 
which the ice crystals starts growth at a prescribed rate. Cooling inside the vials is induced by heat 
transfer between the vial and the shelf of the freeze-drier, the temperature of which is controlled by 
a cooling liquid, filled inside the sealed shelves. The rate of ice crystal growth depends on the supply 
of the water molecules from the liquid phase to the ice nuclei, and on the removal of the latent heat 
of crystallisation from the solution.  Both processes are complex phenomena and can be described 
thermodynamically (Maa and Prestrelski 2000). For slow freezing rates (0.8 °C/min) the ice nuclei 
have a greater probability of growing into larger crystals. With faster freezing rates (10 °C/min), the 
number of crystals increases, rather than the size of nuclei. The ice crystal size is reported to be 
directly proportional to the freezing rate in a linear fashion (Maa and Prestrelski 2000; Willemer 
1992; Wang 2000). 
During slower relative cooling rates of a solution without seeding, the system does not 
solidify, until temperatures well below the equilibrium freezing point are reached. Heterogeneous 
nucleation of ice is unpredictable and may be instigated by the presence of stray particulate matter 
in solution, the vial walls or objects like thermal probes that are used for process monitoring. The 
difference between the initial nucleation temperature and the equilibrium freezing point of the 
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solution depends on the number of particles in the solution and the cooling rate. The initial 
nucleation is often referred to as primary nucleation. 
Only a portion of the freeze-able water crystallises during the initial nucleation, trapping and 
concentrating the solute in between these ice crystals. For example, for a 10 %w/w sucrose solution 
which nucleates at -15 °C, about 20 % of the freezable water was observed to crystallise (Searles 
2004). As crystallisation is an exothermic process, primary nucleation and crystallisation processes 
both raise the solution temperature by up to 14 °C, increasing the temperature to -1 °C inside the 
vial (Searles 2004). The shelf temperature however, continues to counteract this effect as per the 
cycle regime, continuously maintaining a strong driving force for further 
nucleation/crystallisation/solidification.  The freezing process continues to slow down because with 
decreasing temperature and increasing degree of super saturation, the solution viscosity rises, 
increasing steeply until it reaches a point at which ice growth comes to a stop; the ‘solution phase 
might still contain up to 50% of unfrozen water.  The solute phase becomes highly concentrated and 
is termed the ‘freeze-concentrate’. Brownian motion caused by density fluctuations in the freeze 
concentrate results in water molecules forming clusters with long range hydrogen bonding in 
molecular arrangements similar to ice crystals (Franks and Aufrett 2007).  The subsequent nucleation 
is referred to as secondary nucleation.  
Simultaneous  ice crystal growth is controlled by the latent heat release and the cooling rate 
to which the sample is exposed (Matsumoto et al. 2002).  A new equilibrium freezing temperature 
for the most recent freeze-concentrated solution is reached followed by continuous secondary 
nucleation in alternating cycles until glass transition temperature of the maximally freeze-
concentrated solution is reached.  At this point, no water molecules are mobile enough to migrate to 
the ice interface for crystallisation. The mixture is then said to have undergone a glass transition at 
temperature, Tg’ and water content, Wg’. The solution at this stage has mechanical properties of an 
amorphous solid but the molecular structure of liquid i.e. it is devoid of a long range molecular order 
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(Franks 1998).  The maximally freeze-concentrated solution trapped between ice crystals become 
maximally viscous and solidify to a glassy state.   
The freezing rate, v, of the solution depends on the cooling rate of the shelf/vials as defined 
by  
dt
trdT ),(
         (1 ) 
where dT(r, t) is the temperature field as function of time t and location  r with respect to change in 
time, dt.  Therefore, the freezing rate varies temporally and spatially (Hartmann et al. 1991; Wang 
2000) within the vial and the cooling shelf it sits on, within the freeze-drier. 
The freezing step can be carried out in a variety of ways, depending on the freeze-drying 
equipment in use, the purpose of the cycle and the composition of the solutions.  The most 
commonly used method of freezing, is to place the vials in the freeze-drier shelf and then ramping 
the temperature to below the glass transition temperature of the maximally freeze-concentrated 
solution.  This method is called the shelf-ramp freezing. It can be as slow as 3.0 °C per hour (Chang et 
al. 1996) and is carried out by decreasing the shelf temperature slowly after the vials are placed on 
the shelves.  There are no complications with condensation occurring on the drier shelf during the 
sample loading, and all freeze-driers are designed with this capability without any further 
modification to the traditional freeze-drying protocols.  The solution can be frozen by slow 
directional solidification where the primary nucleation is induced in the bottom of the vial by contact 
with dry ice followed by slow freezing on a precooled shelf (Patapoff and Overcashier 2002).  
The solution can also be  frozen under  vacuum (Kramer et al. 2002). When the solution is 
placed under vacuum (1mbar) at 10 °C, ice crystals between 1-3 mm form at the bottom zone inside 
the vials. The vacuum is then released and the temperature of the shelf is decreased to below the 
freezing point of ice in solution for secondary nucleation and ice growth. Alternatively, the solution 
containing vials can also be frozen by immersion in liquid nitrogen or a refrigerated heat transfer 
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liquid (e.g. dry ice in alcohol) or by spraying liquid nitrogen (Wallen et al. 2009). The rate of cooling 
achieved can be between 40-60 °C/min (Oetjen 1999). The vials containing the solution can also be 
placed on freeze-drier shelves which have already been cooled to below the freezing temperature;   
‘a precooled shelf’. The cooling rates that can be achieved with this method are between 10-20 °C, 
depending on the vial fill height (Oetjen 1999).  
A recent advance in the freezing process is the ‘controlled nucleation’ method where 
nucleation is controlled by either, introducing ice crystals into the vials as nucleants to cause uniform 
nucleation in all vials called ‘ice fog technique’ (Patel et al. 2009) or, by depressurising the chamber 
when the temperature of all the vials reach a set temperature between equilibrium freezing point 
and temperature, above which causes spontaneous nucleation to take place.  
Although there are about 12 different cooling/freezing methods, reported to cause 
nucleation and crystallisation of ice in the formulation during freeze drying (Geidobler and Winter 
2014), in practise, there is no standard regime for this freezing process. The cooling stage during 
freeze drying is believed to be too fast for glass-forming proteins to crystallise, mostly due to their 
large molecular size and complex shape.  However, the cooling rate can influence the crystallisation 
behaviour of the solvent and bulking agents e.g. mannitol and glycine (Craig et al. 1999).  A faster 
rate is preferred for bioactivity retention.  Ice crystal size distribution is heterogeneous and smaller 
crystals form with faster cooling rates.  Smaller ice crystals create numerous smaller pores. As the 
dry layer increases during primary drying, the walls of the pore cavities created increase the flow 
path length for water vapour to escape through, thus called product resistance to vapour flow.  The 
‘product resistance’ here and throughout this thesis refers to the resistance of the dried product 
matrix to water vapour flow.   
A moderate cooling rate of 1 °C per minute is recommended for pharmaceutical freeze-
drying (Tang and Pikal 2004), resulting in moderate supercooling (-10- to-15 °C) , moderate surface 
area  <1 m2g-1 cake  and a reasonable fast freezing rate and a reasonable variability between vials. 
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If larger ice crystals are desired, or if potentially crystallisable components need to be 
crystallised, the temperature of the system is raised to slightly above the glass transition 
temperature of the freeze-concentrate to enable the ice fraction to form a dilute solution.  At this 
temperature above the Tg’, the ice crystals can then enlarge through Ostwald ripening, the solutes 
which have the tendency to crystallise will do so, e.g., mannitol, and components may degrade if the 
conditions are unfavourable at temperatures above Tg’.  
With slow cooling rates, larger, more homogenous crystals are produced (Oetjen 2004).  
Larger ice crystals form a larger pore network which has lower resistance to vapour transport, hence 
allows faster drying by sublimation.  As ice crystallises, the solutes consequently becomes more 
concentrated in the freeze concentrate which, in a buffered system, can potentially degrade pH 
sensitive compounds.  With slow cooling, the solution pH can change by up to 3 pH units 
(Anchordoquy and Carpenter 1996) from bulk to freeze-concentrate.   
Generally, ice nucleation is a stochastic process and as a result ice crystals sizes differ from vial 
to vial, causing heterogeneity within a batch/cycle (Pikal et al. 2002).  Within each vial, the growth of 
ice crystals can be heterogeneous affecting uniformity within vial (Liu et al. 2005).  The effect of 
nucleation temperature is variable. The primary drying rate slows down by 3 % (Searles et al. 2001b) 
or 1 % (Roy and Pikal 1989) for a 1 °C decrease in the median nucleation temperature 
The freezing step is vital to the morphology and architecture of the final freeze-dried 
product. It determines the structure and size and the shape of the pores (Wang 2000; Schwegman et 
al. 2005). The freezing temperature, freezing rate and the heterogeneity, all contribute to the ice 
nucleation and solidification process. The freezing step influences the ice crystal morphology 
(Searles et al. 2001b; Rapatz and Luyet 1966), crystallinity (Oguchi T et al. 1989), surface area of ice 
crystals (Strambini and Gabellieri 1996), size distribution of ice crystals and the ice crystal nucleation 
(MacFarlane et al. 1983). These characteristics influence the parameters like protein aggregation 
which may in turn affect  bioactivity (Eckhardt et al. 1991),  primary drying rate (Searles et al. 
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2001b), collapse temperatures (Schwegman et al. 2005), secondary drying rate and potentially, 
affect the general protein stability (Schwegman et al. 2005) .    
The freezing step solidifies all the components of the formulated solution, usually at 
temperatures around -40 °C (Carpenter et al. 2002) or -50 °C (Nail et al. 2002), as per the set shelf 
temperature. The array of vials placed on the FD shelf are subject to different extents (random 
spread of ± 3 °C about the mean) of undercooling before the ice is nucleated, (Michelmore and 
Franks 1982) which introduces a degree of variability in the product appearance and porosity that 
cannot be prevented, and will affect subsequent drying times. The kinetics of ice nucleation and 
crystal growth determine the physical state and morphology of the frozen cake and as a result the 
final properties of the freeze-dried product.  
 Supercooling 2.1.1
 
Supercooling is defined as the difference between the temperature at which first ice crystals 
form in the samples, and the equilibrium freezing temperature. It is usually 10-15 °C (Liu 2006) and 
depends on solution properties and the process conditions (Kasper and Friess 2011). Supercooling 
occurs if the cooling rate is too fast for the system to reach thermal equilibrium. Supercooling is a 
non-equilibrium, metastable state which has a similar activation energy to that necessary for the 
nucleation process (Matsumoto et al. 2002; Petzold and Aguilera 2009).   
A high degree of supercooling results in smaller ice crystals, and thus smaller pores and high 
surface areas in the cake (Searles et al. 2001b; Patel et al. 2009; Rambhatla et al. 2004). The size of 
ice crystals, the rate of ice growth, and the number of nuclei formed depends on the degree of super 
cooling (Rambhatla et al. 2004; Searles et al. 2001b). The higher the degree of supercooling means 
the higher the rate of nucleation and the faster the rate of freezing producing a large number of 
small crystals. In contrast, a smaller number of larger crystals are formed at low degrees of 
supercooling (Searles et al. 2001b). Supercooling affects the product resistance with high resistance 
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to flow being caused by smaller pores created by smaller ice crystals which in turn prolongs the 
drying time (Pikal et al. 1983).  For example, supercooling a 5 %w/w of dextran, crystalline sucrose 
and hydroxyethyl starch solutions by 8 °C resulted in a 10 % increase in primary drying time 
(Rambhatla et al. 2004).   
Numerous polymorphic forms of ice  (10 types (Jennings 2008)) have been described and are 
known to form at different crystallisation conditions, see Figure 2-2.  
 
Figure 2-2:   Phase diagram for ice polymorphs.  From 
http://www.homepages.ucl.ac.uk/~ucfbanf/research/water_ice.htm 
 
The typical lyophilisation temperature and pressure conditions enable the hexagonal type 
ice structure Ih to form where in tetrahedral arrangement, each oxygen atom is surrounded by 4 
other oxygen atoms (Jennings 2008).  
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Figure 2-3 : Hexagonal ice structure Ih. From http://www1.lsbu.ac.uk/water/ice_ii.html 
 
 Generally, given sufficient time, water molecules can arrange themselves regularly into 
hexagonal crystals called dendrites; Figure 2-3. Axial columns or irregular dendrites originate from 
the centre of crystallisation if the water molecules are incorporated randomly into the crystal at a 
fast rate. Ice spears originating from the centre of crystallisation without side branches are referred 
to as spherulites which form if the cooling rate is even faster.  This phenomenon however, is not 
always applicable because the ice morphology is also affected by the freezing mechanism. 
Spherulitic ice crystals form with global solidification and directional solidification creates lamella 
morphology with connected pores (Franks and Aufrett 2007; Searles et al. 2001b). Some excipients 
can affect the ice structure and also its physical properties (Kasper and Friess 2011). According to 
Raoult’s law, the freezing point of the solution can be depressed by the presences of high 
concentration of solutes (Akyurt et al. 2002).  
 Annealing  2.1.2
 
Annealing in freeze-drying, is a process hold step, at a specific subfreezing temperature above 
the glass transition temperature. Annealing is optionally used to produce larger ice crystals with 
more homogenous size distributions between batches and vials. Once the solution is initially 
solidified on freezing, the shelf temperature is raised above the glass transition temperature Tg’ but 
below the melting point where the molecular mobility is the highest and the  rate of crystallisation is 
at its maximum (Luthra et al. 2008).  The temperature of the system is maintained above Tg’ for a 
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specific length of time (Randolph and Searles 2002) for maximum crystallisation to occur by the 
phenomenon of ‘Oswald ripening’.  Larger crystals allow faster drying and hence annealing is 
frequently (Patel et al. 2009) applied to speed up primary drying time by a factor of up to 3.5 
(Searles et al. 2001a).  Annealing also allows the crystallisation of the certain excipients (e.g. 
mannitol and glycine) which (Izutsu et al. 1994a) may be required to maintain the physical 
ruggedness of the final product cake structure (Chang and Patro 2004) and stability of the proteins 
(Searles et al. 2001a) in final formulations. 
 Annealing may be a useful step to improve FD homogeneity but is not essential for the freeze 
drying of all formulations.  It is sometimes seen as the addition of extra time to the cycle without a 
significant benefit.  Annealing can cause phase separation problems and interfacial degradation 
(Heller et al. 1997).  Annealing increases the secondary drying times and possibly increases the 
residual moisture in the final product (Schwegman et al. 2005) due to the decrease in surface area. 
 Primary drying (Sublimation) 2.2
 
During primary drying, when the solution is solidified completely to a glass, the temperature 
of the shelf is set between 2 to 5 °C below the Tg’ of the glass, to remove by sublimation, the frozen 
solvent from the vials  (Constantino 2004). See Figure 2-4 for the start of primary drying time.  
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Figure 2-4: Solid/liquid state diagram of sucrose-water system showing the glass transition profile. From (Liu 
2006) 
  Vacuum is applied to reduce the chamber pressure, usually to between 0.05 to 0.5 torr.  The 
heat is conducted through the freeze-drier shelf and via the vial base to the product, providing the 
latent energy for sublimation.  The sublimed water vapour moves from a region of relatively high 
pressure at the sublimation front, to a region of low pressure in/on the freeze-dryer condenser,  
where it is collected at -60 to -75 °C (Nail et al. 2002).  The main parameters controlled during the 
primary drying are the shelf temperature and chamber pressure. 
Primary drying is the longest portion of the total freeze-drying process cycle time. Here, the 
heat transfer efficiencies influence the length of the process time (Cannon and Shemeley 2004; 
Ybema et al. 1995).  For efficient (quickest) drying, the primary drying temperature should be as high 
as practical as this yields the highest water vapour pressure.  But this temperature is restricted by 
the Tg’.  The primary drying temperature is recommended to be maintained just below the Tg’ of the 
product (Liu et al. 2004; Searles et al. 2001a).  Temperatures above Tg’ can cause microstructures 
established by freezing to be compromised by the softening and melting of the ice.  The temperature 
at which the cake softening begins is referred to as the collapse temperature’, Tc. 
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If the product temperature is to remain relatively constant at just below Tg’ with a steady 
sublimation rate, then the energy needed in the system is described by the Equation 2 below. 
dt
dQ
dt
dm
H
s
       (2) 
 where ΔHs is the heat of sublimation, dm/dt is the sublimation rate and dQ/dt is the rate of heat 
input. 
Heat transfer occurs predominantly through the gap between the vial and the shelf (Brulls 
and Rasmuson 2002) and some by direct conduction from the shelf to the vials via points of direct 
contact. 
 
Figure 2-5:  Heat transfer between vial and the shelf showing the air-gap and points of contact. From (Brulls 
and Rasmuson 2002) 
The limited surface area contact (See Figure 2-5) between vial and the dryer shelf is the rate 
limiting factor for the heat transfer (Cannon and Shemeley 2004).  Heat transport by radiation, from 
the wall and door, may also occur to some extent (Ybema et al. 1995) at low pressures (Miller and 
Lechuga-Ballesteros 2006).  The heat transfer by conduction dominates as the source of energy for 
sublimation at higher (>90 Pa) chamber pressures.  The overall heat transfer coefficient to the 
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product increases proportionally with increasing chamber pressure up to 90 Pa (Brulls and Rasmuson 
2002). 
The rate of heat input into the product is determined by Equation 3 below. 
)(
psvv
TTKA
dt
dQ
        (3) 
where Av is the cross-sectional area of the vial, Kv is the vial heat transfer coefficient and (Ts-Tp) is the 
temperature difference between the shelf (Ts) and the product (Tp) temperature.   
Efficient and high heat transfer rate increases the sublimation rate thereby decreasing the 
length of primary drying time (Cannon and Shemeley 2004).  The rate of sublimation can be 
described by the relationship below: 
)(
)(
sp
co
RR
PP
dt
dm


       ( 4)  
where dm/dt is the sublimation rate. (Po-Pc) is the thermodynamic driving force for sublimation 
where P0 is the vapour pressure of the solvent in the frozen sample and Pc is the total pressure in the 
chamber.  Water molecules move from a region of high pressure to a lower pressure, therefore, 
product temperature has to be higher than the condenser.   (Rp+Rs) is the total resistance (units 
cm2mTorrhrg-1) to sublimation and vapour flow where Rp is the product resistance and Rs is the 
resistance of the stopper in the vial.  The resistance in the chamber due to the condenser pathway 
may also contribute to the total process resistance (Ybema et al. 1995).  Equation 4 implies that the 
sublimation rate is directly proportional to the differences between vapour pressure of ice and total 
pressure in the chamber (Po - Pc).  Maximum sublimation rate is expected when the chamber 
pressure is between 25 to 50 % (which can be up to 0.3 to 0.4 millibars) of the saturated vapour 
pressure of ice (Nail et al. 2002).  A very low chamber pressure inhibits total heat transfer thereby 
slowing the rate of drying (Nail et al. 2002).  Hindrance to the diffusion of the water vapour by 
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thickness of the cake and solute concentration causes an increase in product resistance and 
decreases the sublimation rate (Pikal et al. 1983; Johnson et al. 2010; Johnson et al. 2002).  It is, 
therefore vital to reduce the product resistance for optimum cycle, by either forming larger ice 
crystals, low solution concentrations or low solution viscosities (Nail et al. 2002).  The same dry layer  
cake thickness may have different cake resistance for different formulations e.g. povidone and 
potassium chloride (Pikal et al. 1983) due to the differences the cake pore structures. 
Vertical freezing is one method introduced to reduce resistance where vertical channels  
reduce the mass transfer resistance during primary drying (Patapoff and Overcashier 2002).  Vertical 
freezing occurs when a solution is cooled on wet ice and nucleated at the bottom with dry ice and 
then placed on a -50 °C shelf. The crystals propagate vertically and a thick skin is not formed on the 
cake surface.  The lack of a thick skin lowers the mass transfer resistance and allows faster 
sublimation, hence a reduced primary drying time. 
The end of the primary drying stage is assumed to be achieved, when the product 
temperature equals the shelf temperature (Craig et al. 1999). It is necessary for this point to be 
detected precisely otherwise the premature starting of secondary drying could cause a collapse 
within the cake.  In addition, maintaining the primary drying conditions after the sublimation has 
been completed is a waste of energy and time.   
 Secondary drying (Diffusion/desorption) 2.3
 
Removal of ‘unfrozen’ water by diffusion from the cakes after all the ice is removed, is 
termed secondary drying. It is often carried out at ambient shelf temperatures or higher, usually 
between 25-60 °C (Pikal 2006), depending on dehydration sensitivity of the active compound in the 
product.  The rate of water molecule diffusion from the bulk solid cake to the solute/vapour 
interface determines the rate of water removal during the secondary drying.  The temperature is 
recommended to be increased from primary drying temperature to secondary drying temperature in 
a stepwise ramped manner, Figure 2-6.  As this water is removed, the plasticisation effect of 
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dissolved water is reduced, therefore, the Tg’ of the product increases (Franks and Aufrett 2007 pg 
125).  The target product temperature is recommended to be midway between Tg’ and Tc for 
optimum secondary drying.  
 
Figure 2-6:  Sketch of recommended secondary drying process based on stepwise temperature ramping 
 
The drying rate (by diffusion/desorption) is faster at higher temperatures therefore, the 
drying time is shorter (Pikal et al. 1990).  It is important to note, however, that all ice should be 
completely sublimed before the temperature is raised for secondary drying in order to prevent 
melting and collapse of the cake.  The solvent diffusion rate is affected by the specific surface area 
(Nail et al. 2002) and porosity of the cake structure..  A high concentration of solutes in the solution 
also reduces the specific surface area of its freeze-dried cake (Pikal et al. 1990).  Freezing rate affects 
secondary drying by the size of the resulting pores left behind by the respective ice crystals. 
Although larger pores provide easier and faster diffusion, the surface area is smaller and desorption 
rates are therefore lower The vacuum pressure has minimal effect on the secondary drying rate 
(Pikal et al. 1990), provided it is significantly lower than the vapour pressure of water at the 
secondary drying temperature. 
The presence of water is important for protein activity in biopharmaceutical products.  Over-
drying of protein based products can cause the loss of protein activity (Chang and Patro 2004 pg 130; 
Hsu et al. 1992) activity. Therefore, ideally a final moisture content of between 1 to 3 % v/v is 
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preferred (Towns 1995).  Achievement of this target moisture content indicates the end of 
secondary drying process. 
SUMMARY 
Though the literatures describes how the freeze drying processing conditions can be adjusted to 
achieve a desirable product, the relationship between processing conditions and the structure and 
the mechanical characteristics of the FD cakes is not explicitly understood.  Thus, there is a clear 
need for a systematic investigation into the relationship between mechanical characteristics and 
process conditions to optimise the efficiencies of both the freeze-drying process and the final 
products produced in the industry. 
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CHAPTER 3    FORMULATION AND COMPOSITION OF 
FREEZE DRIED BIOPHARMACEUTICAL PRODUCTS 
 
The formulation and composition of a biopharmaceutical product is determined by its route of 
delivery or administration.  Generally, protein molecules have poor bioavailability by non-invasive 
routes and so most are formulated as parenterals.  Parenterals, administered by injections, are pre-
dispensed and sterilised before freeze-drying.  The formulation strength may vary depending on the 
dose per vial.  The active ingredient is usually a macromolecule with variable physicochemical 
properties, though many are globular proteins with varying levels of bioactivity.  Proteins have 
different structural features and therefore, different excipients may need to be added to individual 
formulations to provide structure, physical and chemical stability and to achieve suitable final 
product.  
 Excipients  3.1
 
Excipients used in biopharmaceutical formulations principally need to be effective glass 
formers (Craig et al. 1999; Hancock et al. 1995) so as to preserve the macromolecule bioactivity and 
the physical structure of the cake and to enhance the product performance characteristics by 
superior solubility (Fukuoka et al. 1986).  In crystalline systems, this stabilisation mechanism is lost 
due to the lack of the physical contact and interaction between the excipient molecules and proteins 
molecules (Izutsu et al. 1993; Schwegman et al. 2005).    
Amorphous excipients present in the formulation may also help to raise the Tg, Tg’ and Tc 
(Chatterjee et al. 2008; Jameel et al. 2009) temperatures and provide mechanical support to 
improve the physical stability (Fukuoka et al. 1989) of the formulation. The properties of amorphous 
mixtures can be predicted using the Gordon-Taylor equation (Craig et al. 1999; Hancock and Zografi 
1997; Yoshioka et al. 1995). Using free volume theory, the glass transition (Tg’) of binary mixtures is 
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predicted assuming that there are no specific chemical interactions between the active component 
and the excipients. Equation 5 describes the Gordon-Taylor equations which allows the Tg of an 
amorphous compound mixture Tgmix based on the Tg of the components 1 and 2 and their respective 
volume fractions ϕ1 and ϕ2: 
21
21 ggg
TTT
mix
        ( 5) 
 where ϕ is the volume fraction and the subscripts 1 and 2 represent the two amorphous 
components and Tgmix is the Tg of the amorphous mixture.   
Although the amorphous state is beneficial in the preservation of protein activity, the 
formulation composition and process control required to achieve the amorphous state is much more 
demanding. Biopharmaceutical formulations contain various additives based on their specific 
contributory roles.  Buffers control the pH of the formulation whilst stabilisers prevent the physical 
and chemical degradation of the biopharmaceutical formulations.  Bulking agents are used for highly 
potent, low dosage forms provide the ‘body’ and pharmaceutical elegance for the final cake.  
Tonicifiers, anti-oxidants, preservatives, sustained release polymers and adjuvant for vaccines have 
other specific roles and may be present in the formulations. 
 Stabilisers  3.1.1
 
Proteins in the biopharmaceutical formulations are susceptible to degradation during and 
after drying. For proteins to remain bioactive throughout the freeze-drying process, the native 
structure needs to be preserved. Stabilisers can operate as lyo (protect against drying) or cryo 
(protect again freezing) protectants to preserve the native structures and prevent degradation of 
proteins during and after freeze-drying (Wang et al. 2009b). Although the exact mechanisms of 
stabilisation are not known, there are two main hypothesis readily publicised to resolve this 
stabilisation question.  
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They are the ‘glass dynamics hypothesis’ which is a kinetic mechanism and the ‘water 
substitution hypothesis’ which is a thermodynamic stabilisation mechanism (Chang and Pikal 2009; 
Jameel et al. 2009; Kreilgaard et al. 1998; Liao et al. 2002). In the water substitution hypothesis, it is 
believed that the water molecules form hydrogen bonds with protein molecules providing 
thermodynamic stability. When the formulation is dried, removing the water molecules eliminates 
the hydrogen bonding. The conformation equilibrium of the protein molecules shifts from native 
towards unfolded conformation which makes it susceptible to chemical degradation. Stabilising 
molecules are able to substitute for these water molecules in forming stabilising hydrogen bonds 
with the protein molecules (Izutsu et al. 1993; Carpenter et al. 2002; Wang et al. 2009b).  This 
enables the native structure to be maintained during processing and storage by providing 
thermodynamic stability of the proteins native form. The ‘glass dynamics hypothesis’ states, that the 
dilution of the protein into a rigid inert glassy solid, provides the proteins with stability by inhibiting 
any molecular motion. The stabilising molecule provides a rigid matrix and synchronizes the motion 
of the protein to the matrix. Therefore, compounds that are good glass formers and amorphous but 
inert, are suitable as stabilisers in biopharmaceutical formulations. Lack of molecular mobility in a 
rigid glass is thought to slow down or prevent degradation by coupling the protein to the glassy 
matrix.  The molecular rigidity of the system prevents equilibrium changes to occur between the 
folded and un-folded state; so does not provide any thermodynamic stabilisation but purely kinetic 
stabilisation. The type of stabilisation is called ‘glass dynamics’ and is also called the ‘vitrification 
hypothesis’. 
To confirm the proposed theories for stabilisation of proteins, the interactions between the 
proteins and sugars have been examined by many researchers. Protein and sugar interactions have 
been studied by neutron backscattering, thermal activity monitor (TAM), Fourier Transform Infra-red 
(FTIR), isoperibol calorimetry and Dynamic Vapour Sorption (DVS) methods.  Isoperibol calorimetry 
measures the enthalpy of solutions which increases with rise in the sugar to protein ratio in freeze 
dried protein samples (Souillac et al. 2002).  DVS measures water sorption isotherms which are used 
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to calculate the water absorption in protein formulations. A lower level of water sorbed on mixture 
of protein and sugar compared to individual component water sorption indicates the occupation by 
the sugars of the hydrophilic  interaction sites on the proteins  (Costantino et al. 1997). 
Trehalose and sucrose (Figure 3-1) have both been known to be good disaccharide cryo-
protectants (Ghosh et al. 2009; Jameel et al. 2009; Townsend and DeLuca 1988; Wang et al. 2009a; 
Izutsu et al. 1994a; Meister and Gieseler 2009).   
a.    b.           c.  
Figure 3-1:  Structures of a) sucrose, b) trehalose   and c) mannitol 
 
Both trehalose and sucrose form glasses easily and have relatively high glass transition 
temperatures;  dry sucrose, 60 °C and dry trehalose, 106 °C (Roe and Labuza 2005).  They are both 
polyols and therefore, able to replace the hydrogen bonding lost by water removal and this satisfies 
the vitrification requirements (Pikal et al. 2008).  The mechanism and stabilisation capability varies 
between sugars and their solution concentrations.  Trehalose at the same mass concentration to 
sucrose has higher Tg’ and β-sheet structural protection whereas sucrose is effective at stabilising 
the α- helical structure of proteins (Lu et al. 2007). 
Although some researchers suggest that disaccharide stabilisers need to be present in excess 
of the sum of the total drug and other amorphous components (Pikal 2006), sucrose has been shown 
to efficiently protect the degradation of monoclonal antibodies (MAb) at a low concentration ratio of 
500:1 of MAb to sucrose (Shire 2009). 
Mannitol is also used to provide a stabilisation benefits as well as physical and mechanical 
strength to highly potent macromolecules within a biopharmaceutical formulation.  Mannitol is 
highly susceptible to crystallisation into one of its 3 major polymorphs; α, β or δ during the freeze-
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drying process.  This depends on the drying conditions, the other excipients present and their 
concentrations e.g. (Heller et al. 1999; Izutsu et al. 1994b; Johnson et al. 2002; Kim et al. 1998; 
Piedmonte et al. 2007; Schwegman et al. 2005; Tao et al. 2007; Yoshinari et al. 2002) sodium 
chloride (Telang et al. 2003), PVP (Cavatur et al. 2002), mass fractions of sucrose (Lueckel et al. 1998) 
and protein concentration (Dixon et al. 2009). If mannitol crystallises as a hydrate, it can redistribute 
residual water to the active substance upon crystallisation during storage at accelerated conditions 
(Schwegman et al. 2005).   
Other carbohydrates and amino acids have been postulated to stabilise proteins, by 
thermodynamically favourable exclusion from the protein surface and interaction with each other 
instead (Arakawa et al. 2001).  Polymers such as polyvinylpyrolidine (PVP) and maltodextrins 
stabilise proteins by raising the average molecular weight in the solution thereby increasing the 
viscosity and decreasing molecular mobility of the formulation (Anchordoquy and Carpenter 1996).  
Osmolytes like arginine and betane have been shown to interact with the aromatic side chains of 
proteins and efficiently stabilise the folded and unfolded state of bovine serum albumin thus 
preventing aggregation on reconstitution (Ghosh et al. 2009). Multiple additives with 
complementary stabilising properties may often be required to stabilise bio-macromolecules 
(Prestrelski et al. 1993).  
 Buffering agents 3.1.2
 
Buffer salts are used to control and maintain the solution pH of the formulated systems. The 
selection of a buffer is based on its ability to maintain the pH of the formulation throughout the 
freeze-drying process and subsequent storage.  Crystallisation behaviour can cause the pH of the 
freeze concentrate to change which in turn affects the stability of pH sensitive macromolecules 
(Shalaev 2005) such as threonine and serine (Tarelli and Wheeler 1994).  The cooling rate, active 
ingredients or other excipients present, may affect the crystallisation propensity of some buffers 
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(Nail et al. 2002; Shalaev 2005).  Citrate buffers are proposed to be the preferred choice over malate 
and tartrate buffers within its buffering pH range i.e. acidic to neutral, for freeze-dried 
pharmaceutical formulations. Citrates have high Tg’ and collapse temperature and does not 
crystallise under  typical freeze-drying conditions (Shalaev 2005).  For an alkali pH range (~ pH 10), 
glycine is a good buffer (Akers et al. 1995) but it crystallises at acidic and neutral pHs.  The 
concentration  of buffers should be kept to a minimum to minimise the risk of precipitation and 
associated potential shifts in pH (Nail et al. 2002).   
 Bulking agents  3.1.3
 
Bulking agents are added to highly potent, low dosage formulations to provide the structure 
and pharmaceutical elegance for the freeze dried products e.g.  sorbitol, glycine and mannitol. 
 Tonicifiers, anti-oxidants, preservatives, surface-active agents, 3.1.4
sustained release polymers and adjuvants for vaccines 
 
Tonicifiers make the formulations isotonic with body fluids on reconstitution e.g. sodium 
chloride (NaCl) . Preservatives protect the formulations from microbial contaminations. Antioxidants 
improve stability of lyophilised products (Ha et al. 2002; Jameel et al. 2009).  Usually water is used as 
the solvent however,  tert-butanol has been effective for tobramycin sulphate formulations 
(Wittaya-Areekul et al. 2002). Surfactants can help prevent air-water interface formation inducing 
protein denaturation. 
SUMMARY 
So, although numerous formulation factors can be modified to achieve a desirable final product, 
the effect on the strength and mechanical properties that these adjustable process conditions, as 
well as the type and quantity of excipients have, on these cakes has not been studied or understood 
before. There is a clear need for a formulation based investigation into the relationship between 
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mechanical characteristics and process conditions to enable the manufacture of robust and strong 
freeze-dried biopharmaceuticals cakes in first attempts. 
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CHAPTER 4 CHARACTERIZATION OF FREEZE DRIED 
(FD) PRODUCTS 
 
One of the main focuses in biopharmaceutical industry is to understand the critical quality 
attributes (CQA) of the final product; the freeze-dried cakes (FDA 2004).  The characterisation of 
freeze dried products has attracted significant research interest in the past 40 years and over 20 
different characterisation methods have been reported in the literature, though only 6 of these are 
used routinely. These techniques are all summarised in Table 4-1. Critical product quality attributes 
in current use, include properties such as cake physical structure, residual moisture content, in 
process formulation stability, product reconstitution time, product colour, bio-activity, product 
physical appearance and shelf life (FDA Guide 2009). Not only are such CQA's practically important; 
the relationship between these CQA's and freeze drying processing conditions are equally critical.  It 
is therefore, an essential feature of a CQA, that it can be readily and reliably measured so that 
improvements and refinements in freeze drying process conditions can be implemented promptly. 
A commonly used CQA for freeze dried cakes currently is their physical structure, which is 
derived from the colour, finish and/or shrinkage in the final dried cake. All of these properties are 
reported qualitatively, or at best semi-quantitatively, making comparisons between different 
researchers and indeed even the materials produced by same laboratory, very difficult and 
imprecise. Moreover, reliance on semi-qualitative CQA’s is a significant constraint for developing 
optimum product formulations or process optimisation of freeze dried products due to unclear 
knowledge and control space. Such developments are especially crucial for biopharmaceutical 
products, where product quality is critical and product values are very high.  
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Table 4-1 : Characterisation methods for freeze-dried biopharmaceuticals currently available in literature  
Method  Information or Data Ease of 
test   
On-line 
/off line 
Extent of 
Use  
Destructive/ 
non-
destructive  
References 
Physical 
appearance 
Colour, finish, 
topography, shrinkage 
Easy Both Regularly Non-destructive (Deluca 1976; 
Suzuki et al. 1990) 
Reconstitution   Reconstitution time  Easy Offline  Regularly Destructive  (Schersch et al. 
2012; Di Tommaso 
et al. 2010) 
Karl Fisher (KF) Residual moisture 
content  
Easy Offline Regularly Destructive  (Wekx and De 
Kleijn 1990; Parker 
et al. 2010; May et 
al. 1992)  
Frequency 
Modulation 
Spectroscopy 
(FMS) 
Head space moisture 
or Aw 
Easy Offline Hardly Non-destructive (Duncan et al. 
2010) 
Bioassay Potency/efficacy/ 
bioactivity 
Involved Offline Regularly Destructive (Schneid et al. 
2011; Jovanoviç et 
al. 2006; US Food 
and Drug 
Administration 
2013; FDA Guide 
2009) (US Food and 
Drug 
Administration 
2013) 
Differential 
Scanning 
Calorimetry 
(DSC) 
  
 Tg, Tg
’
, Eutectic Temp Easy Off line  
  
Regularly Destructive  (Hatley and Franks 
1991; Pikal et al. 
1995; Chang and 
Randall 1992) 
Possibility of phase 
change during freeze 
drying 
(Overcashier et al. 
1999) 
Molecular mobility (Shamblin et al. 
1999) 
Phase separation (Chongprasert et al. 
2001) 
Differential 
Thermal Analysis 
(DTA) 
Occurrence of 
crystallization  
Easy Off line  
  
Regularly Destructive  (Ma et al. 2001) 
Freeze drying 
microscopy 
(FDM) 
Collapse temperature 
(Tc), morphology of ice 
crystals 
Easy Off line  
  
Regularly Destructive 
 
(Pikal et al. 1983; 
Nail et al. 1994) 
Freeze-drying X-
ray diffraction 
(FD-XRD) 
Crystallization of 
components 
Difficult On line Rarely Non-destructive (Cavatur and 
Suryanarayanan 
1998; Chatterjee et 
al. 2005) 
Cryo-
environmental 
Scanning 
Electron 
microscopy CE-
 Ice crystal 
morphological changes 
during process 
Difficult On line Rarely Non-destructive (Meredith et al. 
1996) 
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SEM 
Thermoelectric 
analysis (TEA) 
 Tg, Tg
’
, Tm and Eutectic 
temperature 
Difficult Online Rarely Non-destructive (Ma et al. 2001; Her 
et al. 1994) 
Thermal 
Mechanical 
Analysis (TMA); 
Dynamic 
Mechanical 
Thermal Analysis 
(DMTA)  
Tg, Tg
’
, Tm and Eutectic 
temperature 
Easy Offline Hardly Destructive (Le Meste and 
Huang 1992; Kararli 
et al. 1990; Chang 
and Randall 1992; 
Blond 1994) 
Dielectric 
Analysis  (DEA) 
Tc Easy offline Hardly Destructive (Morris et al. 1994) 
Nuclear 
Magnetic 
Resonance 
(NMR) 
Mobility  Easy on-line 
and off-
line 
Hardly Non- 
destructive 
(Marques et al. 
1991; Izutsu et al. 
1995) 
Near Infrared 
Reflectance 
Spectroscopy 
(NIR) 
Sublimation rate or 
residual moisture 
Easy on-line 
and off-
line 
Hardly Non- 
destructive 
(Lin and Hsu 2002; 
Kamat et al. 1989; 
Brulls et al. 2003) 
Dynamic Vapour 
sorption (DVS) 
Residual moisture 
content and sorption 
isotherms 
Easy Offline  Rarely Non-destructive (Chan et al. 1999; 
Costantino et al. 
1998)  
X-ray powder 
Diffraction 
(XRPD) 
Crystallinity/ 
amorphicity 
Easy offline Regularly Non-destructive (Suryanarayanan 
1995) 
Polarized light 
microscopy 
(PLM) 
Easy Offline  Regularly Non-destructive (Guo et al. 2000) 
Scanning 
Electron 
Microscopy 
(SEM)  
Structure/morphology Easy Offline  Hardly Destructive  (Overcashier 2004) 
Isothermal 
Micro-
calorimetry 
(IMC)  
Storage stability 
/mobility 
Easy Offline  Hardly Destructive (Mosharraf 2004) 
Thermally 
stimulated 
Current 
Spectroscopy 
(TSC) 
Storage 
stability/mobility 
Easy Offline  Hardly Destructive (Reddy et al. 2009) 
Brunauer, 
Emmett and 
Teller theory 
(BET) 
Surface area Difficult Offline  Hardly Destructive (Pikal and Shah 
1990; 
Konstantinidis et al. 
2011) 
X-Ray 
Tomography 
Structure of cake Complex Offline  Rarely Non-destructive (Parker et al. 2010) 
Compressive 
cake testing  
Young’s modulus  and 
crushing 
stress/strength 
Easy Offline  Rarely Destructive (Harnkarnsujarit et 
al. 2012; Bashir and 
Avis 1973) 
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Some of the characterisation methods mentioned in the Table 4-1 are discussed in further 
detail below.  
  Residual moisture in FD Products 4.1
 
Residual moisture content can be determined by frequency modulated spectroscopy (FMS), 
Karl fisher (KF) and near infra-red spectroscopy (NIRS). Comparing the three methods, KF is the 
traditional approach whereas FMS and NIR are more recent and are both non-destructive methods.  
  Frequency Modulated Spectroscopy (FMS) 4.1.1
 
 Frequency modulated spectroscopy (FMS) is used to measure moisture content in the head 
space of a vial via laser light absorption.  The frequency of diode laser is modulated by 
superimposing a radio frequency oscillation onto the diode injection current. The spectral output of 
a frequency modulated diode laser consists of a carrier frequency and side band frequencies. When 
the laser is scanned through the wavelength range of moisture absorbance, the amount of light 
absorption is ‘mapped’ onto the side band frequencies by recording the difference in absorption 
between the 2 side bands. The differential absorption information is recovered with phase sensitive 
techniques.   The amount of light absorbed is directly proportional to the water concentration in the 
gas phase. The gaseous water density ‘n’ is related to the peak-to-peak signal amplitude by Beers 
law, which, for a weakly absorbing molecule is given by Equation 6; 
xSl
l
n
o

        (6) 
in which Δl is the change in intensity of light after passing through the container (W/cm2), Γ is the 
full width at half maximum of the absorption signal, Π is a constant, l0 is the incident laser intensity, 
S is the integrated absorption cross section and x is the container diameter. The measured optical 
density in the sample is referenced to a standard and displayed as a moisture concentration in 
percentage. The specificity to moisture is verified by moisture content in saturated salt solutions 
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with known relative humidity equilibrium values and in the presence of other gases like pure N2 or 
pure O2.  The measured moisture output correlates proportionally to the theoretical values of 
saturated salt solutions, regardless of the gas present, confirms that the method is specific to 
moisture content only. Figure 4-1 shows a typical response of oxygen level in the head space of a vial 
which is directly proportional to moisture content in the vial headspace between 0 to 20 % 
concentrations.    
 
Figure 4-1 : FMS signal indicating the different levels of oxygen level in the head space. From 
http://www.lighthouseinstruments.com/index.php.pid=42&lang=en 
 
 Karl Fisher (KF)  4.1.2
 
The traditional method of moisture determination is by KF, which is based on the reaction 
given by Equation 7: 
      

 IRNHCHSORNHRNCHSORNHIOH 22
343322
            (7) 
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In a volumetric KF setup, the reagent is accurately added using a graduated burette. This 
volumetric setup is suitable for samples with larger moisture content >1000ppm and also for lower 
moisture contents between 50 and 100 ppm.  However, KF reagents are not stable therefore the 
titre has to be established regularly for accurate calculations. Alternative to volumetric KF is 
coulometric KF. See Figure 4-2 for representative diagram for coulometric KF. An electric current is 
used to generate iodine from the iodide containing KF reagent, by electrolysis, using Faradays Law as 
in Equation 8; 
Fz
QM
m


        (8) 
where m = mass of converted substance, M is molar mass, Q is the measured quantity of charge 
(ampere-seconds), z is the number of exchanged electrons (charge number) and F is the 
electrochemical equivalent (1F = 96485 coulomb per mole; 1 coulomb=1 ampere-second).  To obtain 
accurate results, the coulometric system must have 100 % current efficiency and no side reactions.  
Coulometric systems are suitable for moisture contents between 10 g to 200 mg moisture content 
per sample at an accuracy of 0.1 g of water.  
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Figure 4-2: Electrolysis cell of a KF system. From http://www.wako-
chem.co.jp/english/labchem/product/analytical/aquamicron/index.htm 
 
 Near Infrared Spectroscopy (NIRS) 4.1.3
 
Near Infrared Spectroscopy (NIRS) is an alternative method for the determination of water 
content in either the solid state or in the gaseous state.  The NIR region of the electromagnetic 
spectrum is between 700 to 2500 nm (14300 to 4000 cm-1).  NIR absorptions correspond to 
overtones and combinations and subtraction bands of the mid infrared fundamentals (Storey and 
Ymén 2011). Figure 4-3 shows these potential energy levels applicable for NIR regions. NIR is less 
suitable for detailed qualitative analysis than the mid IR, which shows all fundamentals and the 
overtones and combination modes of low energy vibrations.  
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Figure 4-3: Vibrational energy levels of a diatomic molecule:  (v =0  v= 1) fundamental frequency; (v =0  
v= 2) first overtone; (v =0  v= 3) second overtone. From (Storey and Ymén 2011) 
 
The advantage of NIR is that it can penetrate deeper into a sample even up to centimetres 
(Salzer 2009) because the molar absorptivity of materials are 2-3 orders of magnitude weaker in the 
NIR region.  This adds to the advantage of the NIR spectroscopy method in that minimum or no 
sample preparation is required for typical bio/pharmaceutical products (Stark et al. 1986; Weyer 
1985) and measurements can be taken through the container walls holding the sample. NIR 
absorption tends to be weaker and exhibit only a few specific bands. The O-H bands of water are 
very intense in the NIR region, exhibiting five absorption maxima at 760, 970, 1190, 1450, 1940 nm, 
the positioning of which depends on the hydrogen bond strength between the water and the matrix 
and also temperature changes if any (Delwiche et al. 1992).  The bands at 1190 and 1940 nm 
correspond to combinations of O-H oscillations and stretching and the other 3 bands are overtones 
of O-H stretching.   
The specific NIR bands used for freeze-drying purposes depends on the desired sensitivity 
and selectivity levels (Blanco et al. 1998).  The accuracy of NIRS for moisture determination in freeze-
dried products as a function of cake dimensions, particle size, porosity and formulation changes have 
been reported before (Lin and Hsu 2002).  It has also been used for moisture content for quality 
control release of products (Lin and Hsu 2002).  NIRS has also been used for in-process monitoring of 
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the drying stage during lyophilisation (Brulls et al. 2003) where a fibre optic probe fitted into a FT 
spectrometer was placed in the centre of a vial 1 mm above from the bottom. The desorption rate 
and the end of drying was monitored directly using NIRS. 
A NIRS system is generally composed of a light source, a monochromator, a sample holder and 
the detector, allowing for the transmittance or reflectance measurements.  See Figure 4-4. The light 
source is usually a tungsten halogen lamp. Detector types include silicon, lead sulphide and indium 
gallium arsenide.    
  
Figure 4-4: NIR spectroscopy system in the transmittance and reflectance mode. Adapted from 
http://lipas.uwasa.fi/~TAU/AUTO3220/Umea2handouts.pdf 
 
Figure 4-5 shows NIR moisture content results of typical freeze-dried biopharmaceutical 
formulation with moisture content between 0.5 to 10 % w/w.  
 
Figure 4-5:  Second derivative of NIR data of freeze-dried sample with residual moisture content of a) 0.5, b) 
2.5, c) 10.6, and d) 10.6 mg per vial. From (Derksen et al. 1998)  
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 Physical and Chemical Stability 4.2
 
The physical and chemical stability of a formulation, to events such as crystallisation of 
components or chemical degradation, can be detected by differential thermal analysis (DTA), 
differential scanning calorimetry (DSC), or isothermal calorimetry (IMC). The operating principle 
relating to these measurements are the changes in temperature /heat when a system undergoes a 
phase or morphology change.  
 Differential Scanning Calorimetry (DSC) 4.2.1
 
Differential scanning calorimetry (DSC) is the preferred technique for thermoanalytical   
analysis. DSC measures the difference in change in the heat flow rate to the material (sample) and to 
a reference material while they are subjected to a controlled temperature program.  These include 
quantitative data from exothermic, endothermic and heat capacity changes as a function of 
temperature and time (e.g. desolvation, dehydration etc.).  DSC is also widely used in industrial 
settings as a quality control instrument due to its applicability in evaluating sample purity. 
A power compensation DSC measures the power input for a sample cell and compares the 
temperatures in both sample and reference cells so that they are equal throughout the experiments. 
In DSC when the sample undergoes a phase transition, which is a physical transformation, an 
associated heat exchange is observed in the sample pan only, regardless of whether it is an 
endothermic or exothermic event. The reference pan is left empty (air) assumed to be inert with no 
event occurring inside.   The heat flows into both sample and reference pan via an electrically heated 
constant thermoelectric disk and the heat is proportional to the difference in output of the two 
thermocouple junctions. The pan is often hermetically sealable Aluminium pans.  There are two 
types of DSC; power compensated DSC (two furnaces) and heat flux DSC (Figure 4-6).  
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Figure 4-6: Schematic of inside of a DSC cell (Alumel (Aluminium-Nickel) –negative wire; chromel (nickel-
chromium) -positive wire in K-type thermocouple). From (Clas et al. 1999) 
 
The beginning of a transition is detected by decrease or increase of heat flow from the 
baseline when heatflow is plotted as a function of temperature.  After an initial deviation and 
transition, the heat  flow becomes constant again until the next event occurs as the temperature is 
increased. In the case of amorphous materials, the next event is crystallisation after the transition 
from glassy to rubbery as the molecules gain mobility and are able rearrange and reorganize to an 
ordered form after glass transition.  Melting occurs when the temperature is sufficiently high and is 
indicated by an endothermic peak.  
In freeze-drying, DSC is used specifically for the determination of glass transition, eutectic, 
and collapse temperatures as well as the onset of melting. Figure 4-7 shows one such application of 
DSC where the glass transition behaviour of FD trehalose and sodium ethacrynate formulations was 
assessed as a function of annealing and secondary drying temperature (Wang and Pikal 2010) to 
determine the optimum annealing temperature.  
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Figure 4-7 : DSC off freeze-dried trehalose formulation with sodium ethacrynate. From (Wang and Pikal 
2010) 
  
 Differential Thermal Analysis (DTA) 4.2.2
 
 DTA is the traditional method of determining the temperatures of phase transition like the 
melting point, solidification onset, recrystallisation onset and evaporation temperature etc.  DTA 
enables the difference in temperature between a sample and a reference material to be measured 
when they are subjected to a controlled temperature program, Figure 4-8. The temperature is 
usually increased linearly with time. Less than 10 mg of sample is tested.  If the sample undergoes a 
physical change or a chemical reaction, the temperature in sample pan will change whilst the 
temperature in the reference pan remains the same as baseline. When a physical change takes place 
in the sample, heat is generated or absorbed e.g. crystallisation causes evolution of water for some 
carbohydrates and is an exothermic process which is detected as an event in DTA.  DTA curve is a 
plot of temperature difference between the sample materials versus the temperature or time 
compared to DSC where the curve is that of heat flux versus time or temperature.  Therefore, DSC is 
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more suitable to determination of enthalpy and specific heat capacity.  DTA provides more 
qualitative information compared to DSC.  
 
Figure 4-8 :  Schematic representation of classic DTA.  From  (Schick et al. 2002) 
 
DTA is no longer popular as a technique for freeze-drying studies as more useful methods 
like the DSC or freeze-drying microscopy are now used to determine the same characteristics 
traditionally acquired with DTA.  Figure 4-9 shows use of DTA to determine an exothermic transition 
temperature of freeze-dried Murine monoclonal antibody to Tumor necrosis factor (TNf-Mab) 
formulation.   
 
Figure 4-9: DTA of freeze-dried (TNf-Mab) formulation with slow cooling at 1 °C/min. Y-axis: differential 
temperature. From (Ma et al. 2001) 
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 Isothermal Micro Calorimetry (IMC) 4.2.3
Isothermal micro-calorimetry measures information on thermodynamics, kinetics and 
concentrations of the reactant analysis.  A sample cell is surrounded by a semiconductor thermopile 
which is embedded in a high heat capacity large mass heat sink. See Figure 4-10.  The heat sink is 
maintained via a water thermostation at a set temperature.  Any process that occurs in the sample 
cell results in a change in enthalpy and thus generates a rapid heat flow across the thermopiles.  The 
output voltage of the samples thermopile is connected in opposition to the thermopile of a 
reference cell to eliminate any concurrent environment change effects.  The resulting voltage is used 
to calculate the rate of change of heat with time which is recorded as a function of time.  The major 
assumption here is that physical and chemical processes are accompanied by a heat exchange with 
the surrounding.   
 
Figure 4-10: Schematic diagram of IMC setup. From (Jose et al. 2013)  
For first order processes in a flow calorimeter, the calorimetric data can be described by the 
following equation (Equation 9)  
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CkH
dt
dq
11
)( 
      (9) 
where dq/dt is the heat flow measured by the calorimeter, k1 is the first order rate constant,   is 
the fractional extent of the reaction at time t, H is the enthalpy change for the reaction, and C is 
the initial concentration of the reactant.  Using Equation 9, the IMC can be used analytically where 
dq/dt is proportional to C. It can also be used to determine thermodynamic properties via electrical 
calibrations where dq/dt is proportional to ΔH and IMC can also be used to investigate reaction 
mechanisms as dq/dt is proportional to a function of the rate constant.  
 
Figure 4-11: Heat flow curves obtained by IMC, y-axis as heat flow P (w), for lyophilized growth hormone 
cakes at 75 (a), 68 (b) and 58(c) % relative humidity. From (Mosharraf 2004) 
Figure 4-11 shows an example where IMC is applied to freeze-drying to determine the heat 
of crystallisation as a function of relative humidity. The heat of crystallization was found to increase 
with increase in relative humidity (Mosharraf 2004).  
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 Thermally Stimulated Current (TSC) 4.2.4
 
The thermally stimulated current method is also used to detect physical and chemical 
changes in a product, especially relaxation time, where the density increases and free volume 
decreases.  
The general principle for operation of thermally simulated current technique for 
characterisation is as follows. 
(a) Place the sample between short-circuited electrodes in an oven and heat up to a temperature Tp 
higher than the glass transition temperature Tg of the sample compound to eliminate the 
surface and volume charges.  
(b) Apply a DC electric field Ep at the temperature Tp for a time tp longer than the expected 
relaxation time for the reorientation of dipoles.  
(c) Rapidly cool the sample in the field to a temperature T0, T0 < Tp where all the dipole/ionic 
motion is completely hindered. 
(d) Short circuit the sample for a few minute to remove stray charges.  
(e)  Connect the sample to an electrometer (lowest detectable range 10 -15 A). 
(f) Heat the sample at a linear rate r (1 to 30 °C per min) and measure depolarization current  as a 
function of temperature. 
The resulting TSC spectrum shows maximas, corresponding to various decay processes, which 
are associated with the dipolar relaxation intensities proportional to the applied field.  Each 
spectrum shows a single relaxation time (τ) associated with the kinetics of depolarisation.  
dt
tdP
tP
T
)(
)(
)(        (10) 
where P(t) is the dipolar polarisation time at temperature T as a function of time t.  
 
The depolarisation current (Ip) is; 
48 
 
dt
dP
sTI
p
)(        (11) 
where s is the area of the sample, dP/dt is the change in polarisation with respect to time.  Then the 
relaxation time τ can be calculated from the depolarization current  

f
T
T
dTTI
TqI
T )(
)(
1
)(       (12) 
where Tf  is the temperature at which polarization is zero and q is the heating rate. 
The relaxation time  is a measure of the time scale for reorientation of the molecule. Aged 
molecules have increased physical and chemical reactivity and presence of water makes the 
molecules more reactive. Change in relaxation time indicates susceptibility to degradation of the 
formulation over time. 
 
 
Figure 4-12: TSC trace for FD recombinant human Interleukin-11 (rhIL-11) formulations.  From (Hirakura et 
al. 2007) 
 
One of the applications of TSC in freeze-drying is measuring the effect of formulation 
composition and process conditions of the structure of proteins in a biopharmaceutical formulation. 
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Figure 4-12 shows the distinct changes to recombinant human Interleukin-11 (rhIL-11) in the FD 
biopharmaceutical formulation when freeze-drying was carried out by two slightly different cycles 
(Hirakura et al. 2007).  
 Physical characteristics and structure  4.3
 
  Surface area 4.3.1
 
The surface area is a cake characteristic affected by the freezing rate and morphology of 
freeze-dried cakes.  Although this measurement of surface area provides significant information to 
base the processing conditions on, it is not frequently used for industrial application due to lengthy 
sample preparation times.  The sample tubes for Brunauer, Emmett and Teller surface area analysis 
instruments using nitrogen adsorption, have narrow necks and it requires care to transfer a sample 
from the FD vials into these long narrow tubes.  Due to the hygroscopic nature of the FD cakes, 
moisture condenses on the samples.  Sample preparation under inert gas or glove compartment is 
thus desirable; however such sample handling is not very practical. Therefore, this method of cake 
characterisation is not used routinely. 
Brunauer, Emmett and Teller (BET) theory (Brunauer et al. 1938) enables the surface area of 
a powder /solid to be determined by physical adsorption of a gas on the surface of the solid and by 
calculating the amount of absorbate gas corresponding to the monomolecular layer on the surface. 
Physical adsorption results from relatively weak forces (van der Waals forces) between the 
adsorbate gas molecules and the adsorbent surface area of the test material.  The amount of gas 
adsorbed can be measured by a volumetric or continuous flow procedure. Figure 4-13 illustrates a 
typical adsorption-desorption profile as a function of partial pressure obtained for BET 
measurements.  
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Figure 4-13: A typical adsorption-desorption profile plot where V is the volume of adsorbent as a function of 
partial pressure, p/po. 
 
Multipoint measurements are treated according to the BET adsorption isotherm Equation 13: 
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where  
P partial pressure of adsorbate gas in equilibrium with the surface at 77.4 K (b.p. of liquid 
nitrogen) (Pa) 
Po saturated pressure of adsorbate gas (Pa) 
Va volume of gas adsorbed at standard temperature and pressure (STP) (273.2 K & atmospheric P 
(1.013 x 105 Pa) ml 
Vm volume of gas adsorbed at STP to produce an apparent monolayer on the sample surface (ml)  
C dimensionless constant that is related to the enthalpy of adsorption of the adsorption gas 
on the powder sample.  
   
Value of Va is generally measured at several partial pressures and not less than 3 values of 
P/Po.  Then the BET value: 
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is plotted against P/Po according to the above. This plot should yield a straight line usually in the 
approximate P/Po range 0.05 to 0.30. The data are considered acceptable if the correlation 
coefficient, r, of the linear regression is not less than 0.9975; that is, r2 is not less than 0.995. From 
the resulting linear plot, the slope, which is equal to (C − 1)/VmC, and the intercept, which is equal to 
1/VmC, are evaluated by linear regression analysis. From these values, Vm is calculated as 1/(slope + 
intercept), while C is calculated as (slope/intercept) + 1. From the value of Vm so determined, the 
specific surface area, S, in m2·g–1, is calculated: 
22400

m
NaV
S
m
      (14) 
 
N = Avogadro constant (6.023 × 1023 mol−1) 
a = effective cross-sectional area of one adsorbate molecule, in square metres 
(0.162 nm2 for nitrogen and 0.195 nm2 for krypton) 
m = mass of test powder, g 
22400 = volume occupied by 1 mole of the adsorbate gas at STP allowing for minor 
variations from ideality, ml 
A minimum of 3 data points is required for BET analysis. Additional data points may be 
required, especially when non-linearity is obtained at a P/Po value close to 0.30. Because non-
linearity is often obtained at a P/Po values below 0.05, data values in this region are not 
recommended.  
Single point measurement 
Normally, at least 3 measurements of Va each at different values of P/Po are required for the 
determination of specific surface area by the dynamic flow gas adsorption technique (Method I) or 
by volumetric gas adsorption (Method II). However, under certain circumstances, it may be 
acceptable to determine the specific surface area of cakes from a single value of Va measured at a 
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single value of P/Po such as 0.300 (corresponding to 0.300 mole of nitrogen or 0.001038 mole 
fraction of krypton), using the Equation 13.  
The single-point method may be employed directly for cake samples of a given material for 
which the material BET C constant is much greater than unity. These circumstances may be verified 
by comparing values of specific surface area determined by the single-point method with that 
determined by the multiple-point method for the cake samples. Close similarity between the single-
point values and multiple-point values suggests that 1/C approaches zero. 
The single-point method may be employed indirectly for a series of very similar cake samples 
of a given material for which the material C constant is not infinite but may be assumed to be 
invariant. Under these circumstances, the error associated with the single-point method can be 
reduced or eliminated by using the multi-point method to evaluate C for one of the samples of the 
series from the BET plot, from which C is calculated as (1 + slope/intercept). Then Vm is calculated 
from the single value of Va measured at a single value of P/Po by the equation: 

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       (15) 
The specific surface area is calculated from Vm by Equation (15) given above.  BET is used for 
measuring surface area measurements of freeze-dried cakes mostly for academic research and not 
for industrial applications.  FD cakes have reported surface areas < 4 m2/g as shown in Table 4-2 and 
krypton is therefore a more suitable adsorbate than nitrogen.  Due to the lower moisture content of 
the cakes, samples tend to absorb moisture from atmosphere on exposure to ambient conditions 
during sample transfer into BET tubes. This makes industrial application unfavorable.  Most reported 
data is using single point measurements as shown in Table 4-2.  
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Table 4-2:  Summary of use of BET for freeze-drying applications 
Freeze-dried sample Mode of BET Surfaces Area 
(m2/g) 
References 
Mannitol Multipoint, Nitrogen 4.2 to 24.4 (Hamishehkar et al., 2010) 
Mannitol and Sucrose Single point, Krypton 0.4  to 1.4 (Patel et al., 2010) 
Moxalactam di-
Sodium formulated 
with 12 % Mannitol 
  Three point, Nitrogen   1 to 8 (Pikal and Shah, 1990) 
Povidone and 
Moxalactam 
di-sodium 
   Nitrogen isotherms. 0.3 to  2.5 (Pikal et al., 1990) 
Sucrose 
Dextran 
HES 
Mannitol 
Single point, Krypton 0.32 to 0.61 
0.37 to 0.71 
0.85 to 1.08 
3.62 to 4.45 
(Rambhatla et al., 2004) 
Mannitol : Sucrose 
(4:1,  3.5:1.5: 3:2; 1.1; 
2:3;1.5:3.5; 1:4) 
10 points, Krypton 3 to 0.25 (Schersch et al., 2010) 
CaCO3, MCC, Talc, 
Oxazepam,  Starch 
Nitrogen  0.52, 3.40, 2.71, 
1.12 ,5.80 
(Hellrup and Mahlin, 2011) 
Immunoglobulin  
proteins 
Single point, Krypton 1.7 to 1.9 (Wang et al., 2010) 
Sucrose Single point, Krypton 0.28 to 0.9 (Patel et al., 2009) 
Sucrose and Citrate 
buffer cakes/powders 
Single point, Krypton 0.44 to 3.92 (Bhatnagar et al., 2008) 
Vaccine + Sucrose Single point, Krypton 1.15 and 1.42 (Abdul-Fattah et al., 2007) 
Sucrose Single point, Krypton 0.92 to 1.03 (Rambhatla et al., 2005) 
Sucrose + Hydroethyl 
starch + polysorbate 
Multipoint, Nitrogen and 
Krypton 
0.6 to 2.9 (Webb et al., 2003) 
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 Internal morphology 4.3.2
 
X-ray tomography is a technique that is becoming popular as a characterisation method for 
structure determination of cellular materials such as freeze-dried products. Techniques such as SEM 
provides a 2D image of the cake samples prepared with care where the structure and dimensions 
can be measured relatively accurately, however this is only a 2D image. FD cakes are 3D structures.  
Although there are a numerous characterisation techniques available for porous structures (Nakao 
1994), X-ray tomography is a technique that has recently (Parker et al. 2010) been used to 
characterise FD products. X-ray tomography has previously been applied to quantitatively 
characterise porous materials such as rocks, bone, ceramic metal and granules  (Lim and Barigou 
2004).  
The principles of x-ray tomography are based on the differences in material density 
which is reflected in the different degree of x-ray absorption. The x-ray tomography system consists 
of an x-ray beam which passes through the samples rotating on the sample holder (Figure 4-14).  X-
rays not absorbed by the sample are collected on an x-ray detector. A radiograph is then obtained 
displaying the differences in density at pixel of a charge coupled device (CDD) camera. A 
tomographic scan results from combination of several hundred radiographs each taken at different 
orientations of the samples fixed on a rotating stage. Appropriate mathematical algorithm is used to 
construct 3D structure of the samples.  The basic physical parameter quantified in each pixel of each 
image is linear attenuation coefficient defined by Beer Lamberts law assuming the use of a well-
collimated beam and a monochromatic x-ray source (Jacobs et al. 1995). The image created is based 
on Equation 16 
h
o
e
I
I 
       (16) 
 
55 
 
where Io is the incident x-ray intensity and I is the remaining intensity after it has passed through the 
sample of thickness h and µ is the linear attenuation.   
The linear attenuation coefficient µ depends both on electron density (bulk density) ρ, and 
effective atomic number (Z) as shown in Equation 17. 


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a       (17) 
where a represents the Klein-Nishina coefficient and b is a constant 
 
Figure 4-14: Schematic representation of X-ray tomography system. From  (Herremans 2011) 
 
The greyscale level in the rendered image obtained is proportional to the local density in the 
sample. Relative density is an observed feature obtained by x-ray tomography, however, in order 
that the volume of solid to space differentiation is accurate; the voxel resolution (each array of 
elements of volume that constitute a notional three-dimensional space, especially array of discrete 
elements into which a representation of a three-dimensional object is divided) of the system should 
be low enough to detect the smallest of particles or solid structures. Inaccurate resolution and lack 
of contrast of solid from the sample background may overestimate the volume of sample and 
background. With high enough resolution, x-ray tomography based on density measurements can be 
used to quantitatively determine the pore sizes, wall/solid thickness and the accurate relative 
density of FD cakes (Peters et al. 2014).  X-ray tomography provides an advantage over SEM and light 
microscopy in its ability to investigate the samples in their natural state with no sample 
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manipulation required. It also can have much greater resolution; however, it can be a very expensive 
tool, as systems with such high resolutions are not readily available. Though X-rays have the ability 
to capture the 3D structure, x-rays can often be too powerful for low density materials and may not 
‘see/detect’ the presence of low density solids if the x-ray energy balance is not set correctly or if the 
density contrast between the background and sample is not large (Safinia et al. 2006).  
 
 
Figure 4-15: Illustration of internal FD cake structures obtained with X-ray tomography. From (Parker et al. 
2010) 
 
Figure 4-15 illustrates the application of x-ray tomography to freeze-drying where the effect of 
solution concentration and aggressive drying temperatures demonstrate the differences in internal 
structures of lyophilized cakes formulated with BSA (Parker et al. 2010).   
In summary, there are many analytical techniques which can be adopted from other disciplines 
like the pharmaceuticals or foods sector to characterize freeze dried cakes. Some of these 
techniques enable quantitative characterisation e.g. BET or X-ray tomography but can be quite 
laborious. Therefore, such approaches are suitable for research problems but not for quality control 
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purposes. Other methods for cake assessment include appearance description which is a fast and 
easy tool used frequently, but provides only qualitative data, which is subjective to technician’s 
opinions. Such qualitative analysis is not suitable for QbD application as it will be impossible to 
extract an unbiased design space. Therefore, improved analytical techniques specific to FD products, 
suitable to provide quantitative understanding of the cakes, are needed.  
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CHAPTER 5 CELLULAR MATERIALS 
 
Cellular solids are made up of an assembly of cells which have faces and solid edges, commonly 
referred to as foams. Figure 5-1 illustrates the general relationship between Young’s modulus and 
density of materials which include cellular materials such as foams, composites and ceramics.  
 
Figure 5-1 : A schematic diagram of Young’s modulus and respective density of materials. From (Ashby 2010) 
 
 What are cellular materials?  5.1
 Figure 5-1 illustrates the typical density and Young’s modulus range for foams i.e. cellular 
materials.  Gibson and Ashby (Gibson and Ashby 1999) have described them to be a system of solid 
struts or plates or a combination of both which form the repeating unit cells.  Major applications for 
cellular materials include thermal insulation, packaging, structural use e.g. bone replacement 
therapies, light weight structures for specific applications and buoyancy applications (Deville et al. 
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2006).  There have been many commercial applications in the aerospace and automotive industry in 
the last 2 decades (Mora and Waas 2002). This increase in the number of industrial applications has 
necessitated a deeper understanding of their mechanical behaviour.  
Foams can be isotropic, meaning that their structure and their properties have no 
directionality whereas other foams are anisotropic, meaning that their cellular structure is 
axisymmetric (like cork) or orthotropic (like wood) and their mechanical properties reflect these 
structures (Ashby 1983). Some foams have closed cells (Figure 5-2b) where the solid material is 
distributed in small plates which form the faces of the cells. Other foams have open cells (Figure 5-
2a) where the solid material is distributed in small columns or beams which form the cell edges. The 
mechanical properties of the foams reflect these key structural differences.  
a. 
b. 
Figure 5-2:   Schematic diagram of open cell a) and closed cell b).  From (Gibson and Ashby 1982) 
 
In reality, some man-made foams with closed cells behave partially like open celled foams 
because surface tension effects during liquid based foam formation processes draw much of the 
precursor liquid material towards the edges causing it to accumulate in the cell edges, thus 
thickening the edges relative to the faces during manufacture.  The most important aspect of any 
cellular structure is its relative density (pf/ps) where pf is the density of the foam and ps is the density 
of the solid from which the foam is made.  This ratio can vary between 0.01 to 1 (Ashby 1983) and 
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the mechanical properties of the cellular structures are known to scale with this relative density pf/ps 
(Ashby 1983).    
 Mechanical behaviour of cellular structures 5.2
 The mechanical behaviour of regular and irregular two-dimensional cellular solids can be 
useful in representing real three-dimensional foam structures.  The geometrical aspects of cell 
structures are crucial to the understanding of mechanical properties of cellular materials. It is 
generally believed that the order of importance of factors which can describe the performance is the 
relative density followed by the anisotropy (the tendency for the cells to be elongated or flattened 
or have walls of unequal thickness). Other topological aspects of cell shape, edge face connectivity, 
number of contact neighbours, which may all vary between structures, can have a significant effect 
on the ensemble mechanical properties. However, cellular materials do not exist with a single 
relative density, or isotropicity or cell shape but often have a statistical distribution of these 
individual properties, thereby making any guides or rules for accurate mechanical behaviour almost 
impossible to predict a priori.  
 Mechanics of solids- background 5.2.1
 
Ultimately, the strength of materials depends on the strength of the chemical bonds 
between its atoms and the intermolecular forces between molecules. The simplest force between 
two atoms are those that arise due to electron transfer between two atoms with the aim to 
complete the outer shell for both the atoms whereby opposite charges are created on the 2 atoms. 
The electron donor gets positively charged and the electron recipient gets a negative charge. These 
oppositely charged atoms attract each other by coulombic interactions and this attraction is called 
ionic bonding.   
Alternatively, when electrons are shared by two atoms where the nuclei of both the atoms 
interact with the shared electron to gain stability by using the shared electron to complete the outer 
61 
 
shells. This attraction by both atoms for the same shared electron is called covalent bonding (Tabor 
1991). The other attraction between atoms and molecules are van der Waals forces.  These occur 
mostly when the outer shells of atoms are complete but the atoms have asymmetrical distribution of 
electrons hence uneven polarity causing a dipole moment within the atom/molecules.  The opposite 
sides of the dipole moment attract, creating van der Waals force of attraction between atoms and 
molecules. Van der Waals forces are much weaker than covalent or ionic bonds. As well as forces of 
attraction between atoms and molecules, there are also forces of repulsion. These can be described 
to occur in two ways. Firstly, when one electron penetrates the shell of the other atom where the 
nuclear charges are no longer screened and therefore, tend to repel each other.  
Pauli Exclusion Principle is another way to describe the repulsive forces which states that 
two electrons of the same energy cannot occupy the same element of space.  For them to be in the 
same space (overlapping), the energy of one must be increased otherwise repulsion occurs (Tabor 
1991).  If atoms or molecules are subjected to stress and are disturbed from their equilibrium 
positions, the interatomic forces will tend to restore them to their original positions.  If the 
distortions are not too large when the stress is removed, the atoms will return to exactly the same 
positions as before.  This property is defined as the elastic moduli, k of the material which is 
determined by the ratio of the applied stress, F, to the deformation, x produced.  
kxF         (18) 
For macroscopic solid objects, we observe a similar relationship between displacement and 
restorative forces. This behaviour is referred to as linear elasticity and this is true for small 
displacements and referred to as the Hooke’s law (Hooke 1665; Fischer-Cripps 2000) with k defined 
as the elasticity constant. At macroscopic level, the stress σ may be estimated from the force applied 
F and the area over which the force operates and strain ε directly related to the displacement 
distance x leads to the expression; 
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Ek 
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
      (19) 
The constant k is replaced by an elasticity term called the modulus of elasticity which is the 
proportionality constant that measures the resistance to deformation.  For solid objects, the stress σ 
is obtained when the force F is divided by the surface area A for the application of force.  
A
F       (20) 
Stress can be measured by force applied in tension or compression mode, always 
perpendicular to the surface of application.  
Measuring in tension is when an object is pulled apart to cause failure compared to 
compression mode where the solid is pressed in between two contact areas.  When stress is 
obtained in tension mode, the Young’s modulus E obtained by Equation 19 is also referred to as 
Young’s modulus.   Strain is calculated by change in distance/length of the surface as a ratio of the 
original distance after the force is applied.  Stress and strain are linearly related by the modulus of 
elasticity at small strains up to 0.1 (Beer 2006; Fischer-Cripps 2000).  
All materials deform when stress is applied, however depending on material composition 
and structure, the deformational behaviour of materials differ from one another. In case of brittle 
materials, as the applied stress is increased, the materials deform elastically until critical stresses are 
exceeded when failure by brittle crushing is initiated by fractures and flaws present in the material. 
The ductile materials on the other hand will yield plastically with increasing strain for longer before 
failing.  
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Figure 5-3: Illustration of experimental arrangements for confined compression, unconfined compression 
and indentation tests 
 
There are 3 test modes in compression, which are confined compression, unconfined 
compression and indentation. See Figure 5-3.  Confined compression is an idealised deformation 
configuration in which a sample is place into a container that confines the sample at the bottom and 
on its sides.  Unconfined compression is a test setup where a sample in confined between two rigid, 
non-porous friction less platens but the sample is free to expand in the radial direction.  An axial 
compressive load or deformation is applied and the radial deformation is monitored.  Indentation is 
where a sample is indented by frictionless probe or punch which may be cylindrical in cross section. 
 Materials can be classified into two broad categories based on their structural uniformity. 
Isotropic materials are identical in all directions and properties of anisotropic materials depend on 
the direction of test, for example wood.  In a piece of wood, you can see structural striations going in 
one direction; this direction is referred to as "with the grain".  The wood is stronger with the grain 
than "against the grain".  Strength is a property of the wood and this property depends on the 
direction; thus it is anisotropic. Likewise, foams can be isotropic or anisotropic depending on the 
method of manufacture.  There are many ways in which foams or cellular materials can be 
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constructed by men. These depend on the type of solid material used and the desired properties of 
the end product.  
Foams or cellular materials can be made using various techniques depending on the solids 
used for construction (Gibson and Ashby 1999).  For example, glass and polymers may be foamed by 
bubbling gas into the liquid form of the polymer before it is solidified. The bubbles are grown to 
desired size before the polymer is solidified by either cross linking or cooling. The gas can be 
mechanically stirred in or a blowing agent such as carbon dioxide or nitrogen can be forced into the 
polymer liquid under pressure like yeast in bread and warm conditions. Liquids with low melting 
points such as chlorofluorocarbons or methylene chloride may also be used by mixing them with the 
liquid polymer and volatilizing the low melting point compounds to create bubble hence cellular 
structure. The final structures of these foams depend on the surface tension of the fluid state of 
polymer and blowing agent mixture. Phase separation can also be used to create cellular spaces 
where a polymer is mixed with a volatile solvent and the polymer is forced to form a low density gel 
by precipitation and the volatile liquid is evaporated. 
Metallic foams can be made by using liquid or solid state processing (Gibson and Ashby 
1999).  Powdered titanium hydride for example is mixed with the metal and compacted. The 
compact is then heated to evolve hydrogen gas which creates the cells in the foams.  Frothing of 
liquid metal with silicon carbide followed by cooling, creates metal foams as well.  Eutectic 
transformation in which a metal is melted in an atmosphere of hydrogen then cooled to the eutectic 
point, causing gas to form a separate phase within the metal.  Metal foams can be made with 
powder sintering method where a powdered metal is mixed with a spacing agent, which is 
decomposed or evaporated on sintering.  A foaming agent in an organic solvent in metal slurry, 
when mechanically agitated forms foam which is then heated to give porous metal (Gibson and 
Ashby 1999).  In nature, foams e.g. wood, cork or bone are created as part of the growth process 
and others like coral or sponges are organisms brought together into single units.  
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The uniformity in the final structure depends on the process and process control. The 
structure of cellular materials naturally available e.g. wood and cork, vary widely and takes years to 
be constructed.   
  Regular cellular solids  5.2.2
 
Honeycombs, (Figure 5-4) which are regular two-dimensional cellular solids, have generally 
been used as two-dimensional representations for more complex three-dimensional cellular 
structures. 
 
Figure 5-4: Picture of honeycomb showing the regular hexagonal cells 
 
They enable the development of closed-form expressions for describing the mechanical 
performance of macroscopic in-plane properties of foams.  The cell wall thickness is denoted as t 
and length denoted as l, and the properties of the cell wall solid represented by subscript s, the 
Young's modulus for the solid materials of construction Es and the stress at failure or yield stress for 
brittle materials σ
cr 
or σ
max
.  Although cells in honeycombs are generally hexagonal, they can also be 
assemblies of triangles, squares and hexagons.  The three  basic lattice structures reported by Gibson 
and Ashby (Gibson and Ashby 1999) are the hexagonal structure, the square structure and the fully 
triangulated structure (see Figure 5-5).  
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Figure 5-5: Regular hexagonal (a) Square (b) and triangular (c) structures are shown. From (Gibson and 
Ashby 1999) 
 
The triangulated and hexagonal structures are isotropic in plane due to their six-fold 
(hexagonal) symmetry (i.e. a structure has the same appearance six times in a 360 °
 
rotation around 
its centre of symmetry), (Wang and Stronge 1999; Warren and Byskov 2002) while the square 
structure, with four-fold symmetry, is orthotropic (Ostoja-Starzewski et al. 1996). For the low density 
isotropic structures, the Young's modulus can be written as follows:  
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Equation 21  is for the hexagonal structures (neglecting shear deformation)  (Gibson and 
Ashby 1982) where E* is parallel to the cell walls, and Es is normal, t is the thickness of the cell wall 
and l is the length of the cell. 
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       (22) 
Equation 22 describes Young’s modulus for the triangular structures (Christensen 1995) 
The square structure has two directions with maximum rigidity, parallel to the cell walls 
given by Equation 23:  
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and in diagonal  directions at 45° to the square structure, (Gibson and Ashby 1999), Equation 24 and 
as shown in Figure 5-5;  
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For materials with t/l > 0.2, the difference in stiffness between these structures is clearly 
exemplified by a polar diagram showing Young’s modulus as a function of direction of loading for 
triangular, square and hexagonal cells. See Figure 5-6.  Although both the triangular and hexagonal 
structures are isotropic, the triangular structures are stiffer than the hexagonal structures. The 
square structures on the other hand are anisotropic with their stiffness depending on the direction 
of the force applied; the moduli are minimal diagonally and maximally equal at the two orthogonal 
extremes.    
 
Figure 5-6: Polar diagram showing Young’s modulus as a function of loading direction for triangular, square 
and hexagonal cells. From (Gibson and Ashby 1999) 
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The difference in the deformation mechanisms for different cell topologies is due to the 
relative importance of cell wall bending versus cell wall stretching (Deshpande et al. 2001a; 
Deshpande et al. 2001b; Grenestedt 1999). When loaded diagonally, that is at 45°, the hexagons and 
squares deform by cell wall bending, leading to a cubic dependence on the cell wall/strut thickness t 
and length, l (t/l) 3, while the triangular structure and the square structure when loaded parallel to 
the cell walls deform by cell wall stretching, leading to a linear dependence on t/l.   
A similar difference in bending versus stretching response is observed for three-dimensional 
models of perfect (i.e. without flaws such as cracks) cellular solids (Gibson and Ashby 1999).  For 3 
dimensional structures, the relative density parameter is useful for evaluating mechanical properties 
due to the complexity and cell distribution commonly intrinsic to such structures.  
           Relative density =  
ρf
ρs⁄        (25) 
In simplest of forms;   
𝜌𝑓
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𝑡
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 𝑓𝑜𝑟 𝑜𝑝𝑒𝑛 𝑐𝑒𝑙𝑙𝑒𝑑 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠 
and  
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∝  
𝑡
𝑙
 𝑓𝑜𝑟 𝑐𝑙𝑜𝑠𝑒𝑑 𝑐𝑒𝑙𝑙𝑒𝑑 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑠 
according to Gibson and Ashby (Gibson and Ashby 1982). 
Open-cell foams are thought to deform by bending, yielding a quadratic dependence on 
density, ρ for stiffness and a 3/2 power dependence for failure strength. Closed-cell foams, on the 
other hand, deform by stretching of the cell faces, giving a linear dependence on ρ for brittle 
strength. Table 5-1 summarises the relationships for cellular solids with perfectly formed cellular 
structure without flaws such as cracks.  
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Table 5-1: Models proposed to describe mechanical behaviour of brittle foams. 
Author Equation Basis : Experiment  or Theory  Conditions 
(Rusch 1970)  
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σ Compressive stress σ
*
f Crushing stress of foam 
 Compressive strain σs Modulus of rupture of the cell wall material 
Ψ() Dimensionless function of 
compressive strain 
Es Young’s modulus of the solid matrix 
φ Solid fraction of solid in the  E, Ef Young’s modulus of the cellular structure 
 cellular foam P0 Fitting constant 
ρf Density of the cellular structure p ρf/ρs 
ρs Density of the solid material  C,C1, C’1 Constants 
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Experiments on closed-cell cellular materials show a scaling that closely resembles that of 
open-cell foams, owing to the fact that imperfections in the cell faces (such as curvatures, 
corrugations and cracks) reduce their mechanical contribution, promoting bending of the cell edges 
to be the dominant deformation mechanism (Sugimura et al. 1997; Simone and Gibson 1998a; Bart-
Smith et al. 1998; Andrews et al. 1999).  Analytical and finite element models of closed cell foams 
accounting for such imperfections are in good agreement with these experiments (Simone and 
Gibson 1998a; Grenestedt 1998). Due to the random distribution of cell sizes and shapes, the overall 
mechanical properties of three-dimensional foams are isotropic. Since the two-dimensional 
hexagonal structure is also isotropic and deforms by cell wall bending as well, it is an attractive 
model material for the elastic and plastic behaviour of real three-dimensional foams in case of 
uniaxial loading.  
 Irregular cellular solids  5.2.3
 
Although hexagons are useful as a model material under uniaxial stress states, practically 
not all cells are aligned normally or parallel to the direction of load application. Therefore, the 
mechanical behaviour of multi-orientated hexagons diverges from that of real hexagon shapes. 
When two equal loads are applied to hexagons from 2 axes normal to the cell walls, all internal 
bending moments in the structure vanish, causing cell wall stretching to be the dominant 
deformation mechanism, see Figure 5-7 (Gibson and Ashby 1999). 
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Figure 5-7: Polar diagram showing Young’s modulus as a function of compressional loading direction on 
irregular cells. From (Gibson and Ashby 1999) 
 
Numerous publications on simulations, models and algorithms to predict the mechanical 
behaviour of brittle cellular materials can be found in the literature and a key selection of them are 
tabulated in the Table 5-1. However, real world foam/cell structures can be quite complex and most 
of the mechanical models used to describe them are based on simplified pore structures and 
morphologies (Lu et al. 1998) and probable dominant failure modes.  Indeed in many cases, the 
model unit cells used may not accurately represent the real structure and its dimensional 
heterogeneity, though physically consistent predictions are often provided.  These models are not 
commonly validated by experimental work. 
The four main deformation modes in cellular materials are thought to be linear elasticity, 
non-linear elasticity, plastic collapse and fracture in case of brittle materials.  Most early studies on 
understanding these deformations were based on 2 dimensional hexagonal networks which are 
thought to be a good foundation for understanding the mechanical behaviour in 3D foams as the 
modes of deformation is similar (Ashby 1983).  The deformation in 3D structures are difficult to 
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analyse accurately because the response is an average of the cells walls of random orientation in 
space and with a statistical distribution of cell lengths, l and cell sections, t2  dimensions (Ashby 
1983). 
The exact shape of the stress-strain curve for a cellular solid is mainly determined by the 
materials composition including moisture content, the cell numbers, the cell wall size and geometry 
and whether the cells are open or closed (Peleg 1997). Moisture sorption in hydrophilic material 
reduces the brittleness of the structures (decreases Young’s modulus and Tg due to plasticisation) 
and can be evidenced by the smoothing of the force-deformation curve (Peleg 1997). There is still a 
need for models to describe very brittle and dry cellular foods whose irregular and complex force –
deformation curve can conceal deformability features that are common only to dry brittle solids.  
Gibson and Ashby (Mora and Waas 2002) developed a model to describe the behaviour of 
3D open cellular solids based on the assumption that the struts of the cells behave like beams 
loaded at their midpoint  Ef/Es= C1 (ρf/ρs)
2 and σf/σs=C2(ρf/ρs)
1.5.  C1 and C2 are constants that are 
determined experimentally and depend on the geometry of the unit cells.  C1 can be 1 and C2 can be 
3/8.  The value of C2 (3/8) is an approximation based on few experiments carried out on foams in 
mid-1970’s and early 1980’s (Ashby 1983) (foam glass tested by Pittsburgh and Corning 1982)   and 
Zinc and Al foams by (Thornton and Magee 1975a; Thornton and Magee 1975b).  This value was 
later found not to be adequate and corrected to 0.2.   
The open celled cellular structures are modelled (Mora and Waas 2002) as a cubic array of 
members of length l and a square section of side t, (Figure 5-2a). The adjacent cells are staggered so 
that cells meet at mid-point.  Their relative density is given by Equation 26;  
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And the second moment of inertia is given by Equation 27 
12
4
t
I        (27) 
The second moment of area, also known as the area moment of inertia, moment of inertia 
of plane area, or second moment of inertia is a property of a cross section that can be used to 
predict the resistance of beams to bending and deflection, around an axis that lies in the cross 
sectional plane. 
Cellular materials with closed cells are modelled similarly using Equations 28 and 29.  The 
square struts are replaced by square plates of side I and thickness t (Figure 5-2b).  Adjacent cells are 
staggered and meet at mid points.  
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I        (29) 
 Stress-strain curves for cellular materials 5.3
 
The stress – strain curve generally shows three regions; at low strains the foam deforms in a 
linear elastic way; then a plateau of deformation at almost constant stress and finally a densification 
region as the cell walls crush together. The dimensions for each region depend on the relative 
density and cellular structure.  
 Linear elastic properties  5.3.1
Elastic moduli of cellular materials are related primarily to the bending stiffness of the cell 
walls and struts (Gibson and Ashby 1982; Huang and Gibson 1991).  When a force is applied, the cell 
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walls bend at first (Menges and Knipschild 1975).  The force causes the non-vertical beams to deflect 
by   as shown in Figure 5-8, which is calculated by the beam theory as given by Equation 30;  
   
Figure 5-8: Illustration of beam deflection 
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where Es is the Young’s modulus of the solid cell wall material, F is the applied force, l is the length, I 
is the second moment of area and C1 is a constant and depends on the cell geometry.  
In uniaxial loading of open cell structures, the stress is proportional to F/l2, strain is 
proportional to  /l.  And therefore  
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The value of constants C in Equations 31 and 32 varies between foams and are affected by 
variations in the geometry of the foams. Inaccurate values of Young’s modulus of the solids is often 
applied as molecular arrangement in the structure, chemical/physical changes brought about by cell 
creation process and quantitative effect of ageing on the Young’s modulus is not known (Gibson and 
Ashby 1982).  
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Linear elasticity is generally observed at strains less than 5% in compression mode. 
Elastomeric foams can be elastic beyond 5 % strain however, their behaviour is non-linear.  The non-
linearity in foams is caused by the elastic buckling of the columns or plates that make up the cell 
edges or cell walls.  
Gent and Thomas (Gent and Thomas 1963) and Lederman (Lederman 1971) calculated the linear 
elastic behaviour from the axial extension of the cells walls.  However, this contribution to the overall 
behaviour was found to be a minor one for all foams except for very dense foams (Gibson and Ashby 
1982).  Chan and Nakamura 1969 and Burma et al 1978 proposed deflection of initially bent cell walls, 
loaded axially as the model for elastic deformation, however this proposal ignores the major contribution 
of bending of the cell walls loaded perpendicular to their length (Gibson and Ashby 1982). 
Ko (Ko 1965) identified cell wall bending, and axial shear deformations as the cause of the 
linear elastic response, however, he assumed a specific geometry for cell shapes e.g. open rhombic 
structure or trapezo-rhombic dodecahedral, where bending may not be considered a major 
contributor to the linear elastic deformation (Gibson and Ashby 1982).  
Menges and Knipschild (Menges and Knipschild 1975) were the first to identify that cell wall 
bending caused the linear elastic deformation and were the first to note that the open and closed 
cells  showed similar stiffness because the cell edges generally carry most of the load.   
 Brittle crushing  5.3.2
 
Open celled brittle foams collapse by brittle crushing in compression and brittle fracture in 
tension.  A cell wall in brittle material fails when the moment M acting on it exceeds values achieved 
by Equation 33; 
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where σs is the modulus of rupture which is the maximum stress in a material at the instant of 
failure.  Since M   Fl and stress   F/l2, the crushing stress is: 
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and since pf/ps =  (t/l)
2 ; the stress at failure  is given by Equation 34 (Ashby 1983) 
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The value for C7 was determined to be 0.65, though the author admits that this was based 
on limited data available, which is insufficient to give confidence in this equation to provide a good 
description of brittle mechanical behaviour (Ashby 1983).    
Using a finite element method, Li et al (Li et al. 2006) investigated the microstructure 
property relationship of 3D cellular solids to get an insight into the effect of irregularity in cell shapes 
and non-uniformity in strut cross sectional areas. 
 
 
Figure 5-9: Schematic Voronoi cells with different size distribution, a-uniform, and c- widest distribution. 
From (Li et al. 2006) 
Using 20 simulated Voronoi diagrammatic cell samples, Figure 5-9,  with various cell size 
distributions and a range  of strut cross sectional areas representing low density imperfect foams,   Li 
et al  (Li et al. 2006) found that the elastic moduli increases as the cell shapes irregularity increases. 
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Generally, the elastic moduli decreased by 36 % as the standard deviation or width of the strut cross 
sectional area distribution is increased by a factor of 10 for cells with uniform shape and size (Li et al. 
2006).  With increasing relative density, it is thought that the elastic moduli will increase. It was 
found that the shape of the cross sectional area of the struts, circular, square, equilateral triangle 
and plateau border had a significant effect on the cellular solid properties out of which plateau 
border cross section is most common amongst porous materials.  Plateau border structure is also 
the strongest followed by equilateral triangle, square and the weakest are the struts with a circular 
cross section (Warren and Kraynik 1997).  The Young’s modulus shows a linear increase with density 
even though no explicit equations were provided for the relationship.  The effect of increase in 
relative density on the variation in observed Young’s modulus is more pronounced if the cell shapes 
are irregular, however, the variation in the strut size does seem to influence the variation observed 
in the Young’s modulus distribution. 
For most modelling work, the modulus of rupture of the walls is assumed to be constant.  
Huang and Gibson (Huang and Gibson 1991) proposed that small fractures and internal flaws in the 
wall may change the modulus of rupture for the walls. Also, the effect that processing or foam 
formation has on the walls is not normally clearly identified (Gibson and Ashby 1982).  The small 
fractures cannot be modelled easily. Experimentally, this was proved using foamed 
polymethylacrylimid (Maiti et al. 1984a).  The fracture toughness K*IC was given by Equation 35: 
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 where σf is the fracture strength of the solid material used for construction of the cells, I is the cell 
size (unclear if this the diameter or the length of cell wall /strut) and c is a constant thought to be 
0.65 with pf/ps as the relative density.  This relationship was also confirmed using brittle 
honeycombs which show that the fracture toughness dependence on cell size is a function of the 
Young’s modulus of the cell wall material (Huang and Gibson 1991).  
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The assumption that the modulus of rupture of the material of construction is constant and 
is the same as the strength of the individual struts, may not produce accurate descriptions of 
mechanical behaviour, because in reality, the strength of the strut does not remain constant.  The 
strut strength is thought to be affected by the cell size (Brezny and Green 1989; Huang and Gibson 
1991).  Brezny et al (Brezny et al. 1989; Brezny et al. 1989) measured the individual strut strength 
(method similar to 3 point bend test) of open celled ceramics and found the strut strength 
distribution to be very wide e.g. a mean strut strength for Al2O3-ZrO2, 20 pores per inch (ppi) struts 
had an average strength of 145 MPa and a standard deviation of 110 (75 %) of mean. The Weibull 
distribution of the moduli was between 1 and 3 which indicates very wide distribution. The Weibull 
modulus is a dimensionless parameter of the Weibull distribution which is used to describe 
variability in measured  material strength of brittle materials.   
Likewise, Al2O3-ZrO2, 45 ppi struts had mean strength of 412 MPa with standard deviation of 
551 (133 %).  The strut strength remained constant if the material density was constant, however, 
the strength changed with cell size.  The strut strength increased (from 122 to 412 MPa) with 
decreasing cell size (from 45 ppi to 10 ppi). At relative density between 0.08 and 0.14, the cell size 
remained the same at 20 ppi and the strut length, diameter and strength remained similar with the 
experimental errors.  In a similar study on reticulated vitreous carbon (RVC), Brezny and Green 
(Brezny and Green 1990) reported that the Young’s modulus of RVC is independent of cell size 
provided the decrease of strut strength with increasing cell size is accounted for i.e. wide variation in 
strut strength with a Weibull distribution modulus of 3.  
For open cell foams with constant density, the cell wall modulus of rupture σs decreases as 
the cell size increases (Huang and Gibson 1991) shown by Equation 36 . 
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where l is the cell size and the m is the Weibull modulus (Huang and Gibson 1991). 
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A majority of the published literature available is based on idealised cells with shapes 
ranging between cubic (Gibson and Ashby 1982), tetrahedral, dodecahedral, tetrakaidecahedral 
(Kelvin) (Warren and Kraynik 1997) repeating units (Li et al. 2006). However, real cells have 
microstructural imperfections and are structured non-periodically, non-uniformly and are disordered 
within the cellular solid.  
The influence of imperfections on the mechanical properties of foams was studied by 
Grenestedt who showed the influence of imperfections on foam behaviour by numerical simulation 
(in (Mora and Waas 2002).  Imperfections were also studied by Van der Burg et al (Van Der Burg et 
al. 1997) , Bart-Smith et al (Bart-Smith et al. 1998) , Grenestedt and Tanaka et al (Grenestedt and 
Tanaka 1998), Roberts and Garboczi  (Roberts and Garboczi 2002; Roberts and Garboczi 2001),  
thickness variations between cell walls by Grenestedt and Bassinet (Grenestedt and Bassinet 2000), 
non-uniform solid distribution in cell walls and curved and corrugated cell walls by Simone and 
Gibson (Simone and Gibson 1998c; Simone and Gibson 1998a; Simone and Gibson 1998b)  and wavy 
cell walls by Grenestedt (Grenestedt 1998) and  Li et al (Li et al. 2006).  
Roberts and Garboczi (Roberts and Garboczi 2001) suggested that cellular materials are 
random materials whilst theoretical structure–property prediction tools are based on regular 
periodic models.  Models of closed celled foam structures with different levels of isotropicities 
created using Voronoi tessellations and Gaussian random fields were analysed using finite element 
analysis and concluded that at low densities, the following relationship, Equation 37, was true: 
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for ρf/ρs <0.1 , 
and for cellular materials with average densities, Equation 38 was more applicable,  
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    where   𝑝 =  
𝜌𝑓
𝜌𝑆⁄    at   0.15  <  
𝜌𝑓
𝜌𝑆⁄ < 1    and 𝑝𝑜 and m are fitting 
parameters and not conventional percolation threshold and exponent. With 70% of the cell faces 
removed from the Voronoi models, the Young’s modulus exponent increased to n=2, indicating that 
the edge bending becomes the dominant mechanism of deformation. However, closed cells with 
curved walls had a greater dependency on density where n = 1.5 (Roberts and Garboczi 2001).  
However, a description of closed and partially closed cellular random materials in terms of bending 
(exponent = 2) and plate strength (exponent = 1) is not always observed. The results indicated a non-
linear combination of bending and plate stretching and this is represented in an integer power law.  
Roberts and Garboczi (Roberts and Garboczi 2002) again, with modelled random open cell 
structures, reiterate that the exponent constant of proportionality depend on the microstructure 
and they found n to be in the range 1.3 < n < 3. This indicates a more complex dependence than 
indicated by periodic cell theories which predict n as either 1 or 2.  A value of 1.3 for n could indicate 
the spatial locking of the nodes/ strut joints, so the major deformation is axial tension or 
compression rather than bending.  On the other hand, n = 3 is attributed to enhanced deformation 
in the struts which are curved and have non-uniform thickness.  In open celled random structures, 
deformation is concluded to be only along the strut directions even if the struts are not in perfect 
tetrahedral alignments, node locking causes strut alignments.  The results represented more 
complex density dependence than predicted by conventional theories based on perfect periodic cell 
models.  
Simone and Gibson (Simone and Gibson 1998a) fabricated Al foams by two different 
methods to create Alpora and Alcan. Alpora which was made to be isotropic and homogenous 
cellular structures had lower Young’s modulus due to preferred orientation of curved cell walls.  This 
method of foam formation produced wrinkled cell walls in lower density materials.  Alcan on the 
other hand, had a heterogeneous cellular structure with random variations in collapse resistance 
throughout the structure.  Alpora had higher Young’s modulus and collapse stress than Alcans 
because of the structure and wall material.  Since the expected Young’s modulus is based on the 
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properties of pure Al and the yield strength of the solids are based on hardness measurements 
which do not include the effect of precipitants, or particulate inclusions, it is difficult to quantify the 
degree to which microstructural variations and cell wall defects influence the material properties. 
However, such defects as curvature, porous inclusions and wall corrugations significantly reduce the 
Young’s modulus of Alporas and Alcans compared to the predicted values of ideal defect free 
structures by 2 orders of magnitude. Cell wall defects can cause drastic decreases in the mechanical 
properties of cellular materials (Simone and Gibson 1998c; Silva and Gibson 1997; Simone and 
Gibson 1998b).  
Grenestedt (Grenestedt 1998) states that even small wavy imperfections drastically reduce 
the stiffness of open celled foams. For larger wavy imperfections, the main deformation mechanism 
is thought to be bending of the cell walls, depending on how the cell walls are connected, 
independent of cell size. This effect of imperfections can be partially predicted for closed cell 
materials only where the stiffness reduction is small. Al foams with wavy defects were compared 
against the data based on models with wavy imperfections and found to be close to 87 % of the 
predicted upper bound values. 
Grenstedt and Bassinet (Grenestedt and Bassinet 2000) used models of imperfect cellular 
structures to show that non-uniform cell shapes and sizes, wavy distortions of cell walls and 
variations in the cell wall thickness all affect the Young’s modulus.  The foam stiffness decrease is 
minor with a 19 times reduction in the wall thickness however, the bulk modulus decreases by 21 % 
for this same change in wall thickness.  The bulk modulus scales linearly with relative density and is 
independent of wall thickness variations indicating that stretching is the main deformation 
mechanism.  When the wall thickness is decreased by 50 % and the structure includes wavy 
imperfections, the bulk modulus drops by 50 %, perhaps because wavy cell walls mainly deform by 
bending whereas perfect walls deform mainly by stretching.  
Bart and Smith (Bart-Smith et al. 1998) concluded that shape dominated cell morphology 
dictates the yielding. This analysis was based on elliptical cells, the junctions of which are thought to 
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initiate bending and reduce the observed yield strength. Equi-axed cells, when converted to elliptical 
cells by removal of cell walls, showed a reduction in strength of the cellular structures. Even though 
the authors suggest these reductions to be due to change in cell shape, this could also occur by 
reduction in strength from removal of cell walls.  
Van der burg (Van Der Burg et al. 1997) used a network of struts aligned with the edge of flat 
faced Kelvin cell as the reference model.  The open cell reference model deforms mainly by bending 
except under isotropic loading.  Van der burg found that Young’s modulus of cellular solids  increases 
with non-uniformity in complete contrast to Grenestedt and Tanaka (Grenestedt and Tanaka 1998). 
This analysis is perhaps because open cells deform by bending and thus are softer where as in non-
uniform open cells, a number of struts form chain like structures when they line up. These chainlike 
structures deform by stretching which stiffens the cellular materials.  
Models of irregular cells with uneven strut thickness created using a Voronoi tessellation 
technique indicate that the Young’s modulus for low density imperfect foams increases as cell 
shapes become more irregular but decreases as the strut cross sectional area gets more uniform (Li 
et al. 2006).  The elastic moduli increase substantially as the relative density of the imperfect foam 
increases. As the uniformity of the strut cross sectional area decreases, the Young’s modulus 
decreases proportionally.  
The fracture behaviour of brittle materials was first explained by Weibull in 1939. A new 
theory associated with the Gumbel distribution has since superseded this seminal work  (Duxbury et 
al. 1994).  It is inferred that the failure of a brittle material is not reproducible and that the 
measured mechanical behaviour shows either a Weibull distribution or Gumbel distribution caused 
by a Weibull or Gumbel distribution of flaws and imperfections in brittle materials. Bazant et al 
(Bazant et al. 1991; Bazant et al. 1996)  further emphasised that the applicability of Weibull fracture 
to brittle and quasi-brittle materials may not be suitable without further modifications. Only one 
type of imperfection was studied at any time in the previous studies, however, in reality more than 
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one flaw exists in real foams  at micro/individual cell level (cell structure and inclusion of defect) or 
at macro level (cell shape, orientation, isotropicity and size distributions).  
SUMMARY 
To summarise, there are no prior studies on the mechanical behaviour of FD cakes which are 
known to be fragile and brittle. The cellular structure of FD cakes consists of irregular shaped cells 
randomly distributed in the cakes. During unloading from freeze-driers, transportation and delivery, 
they can crumble often making it unacceptable.  In order to prevent losses by product crumbling, an 
understanding of the mechanical behaviour of the freeze-dried cakes is needed. The effect of freeze-
drying process conditions and formulation composition on the FD cake structure and mechanical 
properties also needs to be understood to prevent crumbling during transportation and delivery.   
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CHAPTER 6 METHODS AND MATERIALS 
 
 Introduction  6.1
 
  The aim of this thesis was to understand the mechanical behaviour of freeze 
dried/lyophilised materials, the morphological structure of the cakes, the structure and mechanical 
behaviour of cakes made using different FD process conditions and biopharmaceutical formulations. 
This Chapter outlines the development and validation of a mechanical test method suitable for 
characterising fragile cellular materials and describes the manufacture of freeze-dried cakes using 
common biopharmaceutical stabilising and bulking excipients (sucrose, trehalose and mannitol) in 
biopharmaceutical formulations which include lysozyme and bovine serum albumin (BSA) model 
proteins.  
 Before Freeze Drying 6.2
Freeze-drying process is a very energy and time intensive process, with many FD cycles 
running for days (Kasper and Friess 2011).  Thus, the imperatives for efficient FD operation are to 
use the fastest cycle times at the highest drying temperatures possible.  Drying times will be shorter 
at higher shelf temperatures, however, these temperatures are restricted by the Tg’ of the system 
and the collapse temperature, Tc. For the true optimisation of a lyophilisation cycle, the product 
temperature, as controlled by the shelf temperature, is kept close to or just below the critical 
formulation temperatures, Tg’ of the freeze-concentrate and Tc, the collapse temperature of the 
formulation of the formulation.  For crystalline systems, this critical formulation temperature is 
represented by the eutectic temperature (Teu), whilst for amorphous systems by the glass transition 
temperature of the maximally freeze-concentrated solution (Tg´) or the collapse temperature (Tc), 
respectively.  The measured Tc values of solutes generally are unique to individual solutes and 
depend on the measurement methodology and the rate of water removal from the glassy state  (Liu 
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et al. 2004).  In general, collapse of a FD product  is cause for rejection of lyophilised pharmaceutical 
products (Searles 2010).  
          
Figure 6-1:  Internal SEM image and external visual structure of collapse in FD sucrose cakes. 
 
Collapse is defined as the process by which the solid cellular structure created during freeze-
drying is destroyed after the completion of the sublimation process (MacKenzie 1975).  Cake 
collapse in a given region results from surface tension induced viscous flow of the softened 
amorphous phase after the ice-vapour interface has moved past that region (Pikal and Shah, 1990b). 
See Figure 6-1.  
Collapse is also viewed as the phenomenon when an amorphous material undergoes viscous 
flow, resulting in loss of the pore/cake structure, and will occur if the product temperature is higher 
than collapse temperature during primary drying (Pikal and Shah 1990).  The collapse of the 
structure begins with micro-collapse where the material seems to start deforming by way of viscous 
flow of substructures at a micro level but the overall structure remains intact.  Micro-collapse cannot 
be easily identified with the naked eye but under magnification, small droplet like structures can be 
observed on edges or solid ‘particles’.  Micro-collapse to some extent, and collapse, may lead to 
shrinkage of the cake which significantly reduces the volume of the cake compared to the expected 
volume similar to that occupied by the solution being freeze-dried. 
Collapse and micro-collapse can not only cause unacceptable appearance of the FD cakes 
but also reduce the rate of subsequent ice sublimation, by blocking or reducing the transport paths 
where water vapour can escape from inside the cake.  As not all water is able to escape within the 
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drying time allocated in the process, the final product may have higher total residual moisture than 
desired, and also the water may be distributed un-evenly within the cake (Adams and Ramsay 1996).  
Micro collapse and collapse also cause a loss in the porosity and a reduction in the overall cake 
surface area, thereby often reducing the reconstitution time of the cake. Although a collapsed 
product may still be efficacious, it may not always be accepted as a viable product in both clinical 
and marketing situations. 
Minute variations in temperatures around the Tg’ at the sublimation front in the product can 
have significant effect on the morphology of the dried cake as well as the primary drying time. The 
collapse temperature is either determined experimentally or established from literature data if 
available.  The Tg’ and the collapse temperature depend on the composition, concentration of the 
solution and the speed of heating during the measurements.  
In general, freeze drying microscopy has been accepted as the technique of choice for the 
determination of the critical formulation temperature of the product during primary drying. The loss 
of structure (cake collapse) can be visually observed under freeze drying microscopy conditions 
which are simulations of the real freeze-drying process (Liu 2006). Freeze drying microscopy allows 
the determination of collapse, melting and qualitative phenomena such as cake skin formation. The 
differential scanning calorimetry (DSC) can also be used to determine the Tg’ of the freeze-
concentrate.       
 Freeze-drying Microscopy (FDM) 6.2.1
 
Temperature controlled microscopy (also known as hot stage microscopy) is a tool used in 
the pharmaceutical industry to characterise polymorphic forms of API compounds. Freeze-drying 
microscopy (FDM) is a variant of temperature controlled microscopy in which the sealed 
temperature controlled stage is connected to a vacuum pump in order to generate a low pressure 
sample environment. Commercial systems available today are sophisticated and use liquid nitrogen 
to generate the low temperatures and generally include a Pirani vacuum gauge in order to measure 
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and control the vacuum level in conjunction with a PC, which also controls the temperature and 
pressure and crucially microscopic images acquired during the experiment. FDM allows the freeze-
drying scientist to observe the gross structural changes associated with collapse. With 
programmable systems, the sample is loaded into the FDM stage then the experiment follows a pre-
determined temperature profile, e.g. freezing then reduction in pressure followed by a heat cool 
cycle around the temperature region of interest. In order to simplify identification of the collapse 
temperature, images can be processed into movies or viewed by plotting the temperature profile 
against time and then viewing the images associated with the temperature range of interest.  
 
 
Figure 6-2:  Schematic of freeze-drying microscopy. From (Ward and Matejtschuk 2010) 
 
A representative drop of sample solution is frozen on a cover slip which is placed on the 
heating/cooling element, see Figure 6-2. Vacuum is applied and the ice sublimation/diffusion begins 
when the temperature of the element is increased slowly.  The first virtual sign of texture change 
denotes the collapse temperature.  
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The glass transition is defined as a time or frequency dependent physical change in the state 
of a material from an amorphous solid to a rubbery/viscose state (Costantino and Pikal 2004). The 
glass transition is observed when the experiment and molecular relaxation time scales cross. In the 
DSC method of Tg and Tg’ determination, the temperatures are sensitive to the heating/cooling rates 
used in the test.  The enthalpies and their temperature range vary, as demonstrated by Taylor and 
York’s studies of trehalose dihydrate (Taylor and York 1998) and sucrose (Bhatnagar et al. 2005; Lee 
et al. 2011), where by DSC was less sensitive, in detecting the lost water from the enthalpy of 
dehydration at a slower scanning rate.  A faster scanning rate increases the sensitivity to detect 
weak transitions and a lower heating rate improves resolution e.g. the heating rate influences the Tg’ 
measured for 10 % Dextran solution. The Tg’ was -10 °C  at 20 °/min heating rate and -14 °C when 
measured at 2 °C/min (Beirowski and Gieseler 2008).  Slow cooling rates are thought to increase the 
extent of structural relaxation and the intensity of enthalpy relaxation compared to faster cooling 
rates (Her and Nail 1994). 
  The typical primary drying temperatures depends on the Tg’ or the collapse temperature Tc 
of combination of excipients and concentrations used in the formulations.  The Tg
’ of typical 
excipients used in the freeze drying range from -8 °C e.g. gelatin to -62 °C for glycine whereas 
sucrose is -32 °C, trehalose at -34 °C and Mannitol at -35 °C (Costantino and Pikal 2004).  The Tg’ of 
lysozyme is -67 °C and for BSA is -81 °C, both measured by DSC (Chang and Randall 1992). The Tg’ of 
a formulation can be increased by increasing the weight fraction of excipients with higher Tg’ or by 
including additional excipients that have a higher Tg (Chang and Randall 1992).  Theoretically, the Tg 
of individual components can be calculated using  the Gordon Taylor equation from the Tg /Tg’ of the 
mixture, however, practically this information can be directly measured by either DSC or freeze-
drying microscopy  (Costantino and Pikal 2004).  
The temperature of the samples during primary drying is maintained below the Tg/Tg’ of the 
formulation to prevent collapse (Costantino and Pikal 2004).  Most freezing drying work 
systematically uses the temperature range -30 °C to -50 °C for drying, depending on the formulation.   
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 Lyophilised cake preparations by freeze-drying 6.3
 
The freeze-drying microscopy and DSC can be used to determine the collapse temperature 
and the glass transition temperature in order to determine the ‘safe’ temperature for drying. The 
glass transition temperature of sucrose and trehalose solutions available in literature are 
summarised in Table 6-1. 
Table 6-1 : Reported glass transition temperatures of sucrose and trehalose solutions 
Compound Reported Tg (scan rate) Reference 
Sucrose -32 °C (10 °C/min) (Bucke 1995; Abdelwahed et al. 2006) (Rey and May 
2010), (Jameel and Pikal 2010) 
-34 °C (2 °C/min; ±0.75 °C/60sec) (Lewis et al. 2010) 
Trehalose -29 °C (2 °C/min; ±0.8 °C/60sec) (Jameel and Pikal 2010), (Rey and May 2010) 
-32 to-40 °C (10 °C/min; ±1 °C/60sec) (Sundaramurthi et al. 2010) 
-30 °C (Bucke 1995) 
-31 °C and -45 °C  (5 & 10 °C/min) (Pyne et al. 2002) 
 
 
Figure 6-3: Phase diagram for sucrose. From (Rey and May 2010) 
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The Figure 6-3 shows the phase behaviour of a sucrose solution (10 %w/w) as it is cooled by 
shelf ramping, which indicates that the Tg’ of the sucrose solution at approximately -32 °C.  As 
mentioned, Tg’ is a heating rate dependent parameter so -32 °C as a target may not be appropriate 
for all temperature ramp conditions.  
Using the values for Tg and Tg’ reported previously in literature, the initial scoping of the 
experiments was carried out at Biopharma Technology Limited using one of their FD systems due to 
unavailability of a freeze-drier in-house. The freezing temperature and the primary drying 
temperature used were -40 °C.  On close observation of the SEM images of the initial FD cakes of 5 % 
w/w of sucrose frozen and primary dried at -40 °C, flaws such as round holes were observed on the 
wall surfaces of most of the cells. See Figure 6-4. These were distributed throughout the cakes 
,however,  the extent of holes varied.  
 
Figure 6-4 : SEM image showing small holes/flaws for sucrose freeze-dried at -40 °C 
 
These holes are an indication of minor micro-collapse within the cake where the 
temperature was not distributed uniformly within the chamber.  This micro collapse can also occur if 
heat within the system not only is supplied by the direct heat transfer by conduction through the 
shelves but also by radiation through the Perspex drier doors and convective heat transfer between 
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the shelves.  The subsequent freeze-drying runs therefore, for this project was carried out at -50°C 
as a very conservative temperature to prevent the occurrence of this type of micro-collapse event, 
and hence flaws to the walls and struts of the cells of FD cakes.  
a.  
b. 
 
Figure 6-5:  a) A bird’s eye view of the freeze-drier shelf and the blue and yellow locations are the vials 
tested   b). Photograph of freeze-dried cakes within vials 
 
Figure 6-5a shows the location of the vials selected for characterisation. Figure 6-5b shows a 
series of typical freeze-dried cakes obtained during this study.  
 Freeze-dried biopharmaceutical excipients 6.3.1
 
 Sucrose 6.3.1.1
 
Sucrose (Sigma Aldrich, Dorset UK) was used to make 1.0, 2.5, 5.0, 20.0, 30.0 and 40.0 % w/w 
solutions with purified, de-ionised water (>18.2 MΩ cm at 25 °C).  The sucrose solid for the 30 and 
40% w/w solutions were dissolved in an ultrasonic bath at ambient temperature.  2 ml of solution 
from each concentration were dispensed into 6 ml borosilicate glass vials (VCDIN6R, Schott, 
Germany) and placed on the trays in a hexagonal pattern which maximises the number of vials that 
can fit on the tray. This pattern is known to indicate fast drying by efficient heat conduction vial 
maximum inter-vial contact surface area (Gan et al. 2004).  A total of 168 vials were placed on each 
of the 2 trays in the freeze-drier in a semi-stoppered position.  Solutions were freeze-dried (FD) using 
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a Virtis Advantage plus freeze-drier (SP Scientific, Warminster, PA, USA) freeze dried as per cycle 
outlined in Table 6-2.  A typical graph of the cycle is shown in Figure 6-6.  
 
Table 6-2 : Freeze-drying cycle details for sucrose solutions 
 Freezing 
rate 
Primary drying (1°) 1° to 2° to  temp 
ramp rate 
Secondary drying  
(2°) 
 °C/min Temperature 
(°C) 
Time 
(hrs) 
°C/min Temperature 
(°C) 
Time 
(hrs) 
sucrose 
1.0, 2.5, 5.0 , 
20.0, 30.0 and 
40.0    % w/w 
0.3 -50 160 0.3 20 12 
 
All the vials were sealed under a 50 mTorr vacuum at the end of the freeze-drying run and 
stored at around 18 °C until used.   
 
Figure 6-6:  The graph for freeze-drying cycle of sucrose. The orange line is for the set shelf temperature 
during the process and the blue line is for thermocouple placed in the centre of the centre vial showing the 
nucleation temperature as -10.6 °C in the inset.  
 
 The freezing rate was measured by the change in shelf temperature with respect to time 
between the end of nucleation (indicated by the hump in the cooling line) and the time when the 
vial temperature reaches the set shelf temperature.  
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 Trehalose 6.3.1.2
 
Trehalose (Cargill 1640 Minneapolis, MN, USA) was used to make 1.0, 2.5, 5.0, 20.0, 30.0 and 
40.0 % w/w solutions with purified and de-ionised water (>18.2 MΩ cm at 25 °C). The trehalose solid 
for the 30 and 40 % w/w solutions were dissolved in an ultrasonic bath at ambient temperature.   
2 ml of solution from each concentration were dispensed into 6 ml borosilicate glass vials (VCDIN6R, 
Schott, Germany) and placed on the trays in hexagonal pattern.  A total of 168 vials were placed on 
each of the 2 trays in the freeze-drier in semi-stoppered position.  Solutions were freeze-dried (FD) 
using a Virtis Advantage plus freeze-drier (SP scientific, Warminster PA, USA) freeze dried as per 
cycle outlined in Table 6-3.  
Table 6-3: Freeze-drying cycle details for trehalose solutions 
 Freezing 
rate 
Primary drying (1°) 1° to 2° to  temp 
ramp rate 
Secondary drying  
(2°) 
 °C/min Temperature 
(°C) 
Time 
(hrs) 
°C/min Temperature 
(°C) 
Time 
(hrs) 
Trehalose 
1.0, 2.5, 5.0 , 
20.0, 30.0 and 
40.0    % w/w 
0.3 -50 160 0.3 20 12 
 
All the vials were sealed under a 50 mTorr vacuum at the end of the freeze-drying run and 
stored at around 18 °C until used.   
 
 Typical biopharmaceutical formulation 6.3.1.3
 
A typical formulation was prepared using sucrose, mannitol, and lysozyme made in 6 mM 
phosphate buffer, adapted from (Lewis et al. 2010) with modifications to suit the capability of the 
freeze-drying machine used. Sucrose (Sigma Aldrich, Dorset UK) was mixed with D-mannitol (Sigma 
Aldrich, Dorset UK) in the ratio 8:2. The mixture was used to make 1.0, 2.5, 5.0, 20.0, 30.0 and 
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40.0 % w/w solutions with 6 mM phosphate buffer (pH7.0).  The solid content in the 30 and 40 % 
w/w solutions were dissolved in an ultrasonic bath at ambient temperature. Lysozyme from chicken 
egg white (7000units per mg 62971- Fluka, Dorset, UK) was added to each solution such that the 
ratio of sucrose: mannitol: lysozyme was 2: 0.5:1.  The lysozyme was dissolved into each of the 
solutions. 2ml of solution from each concentration were dispensed into 6ml borosilicate glass vials 
(VCDIN6R, Schott, Germany) and placed on the trays in a hexagonal pattern.  Solutions were freeze-
dried (FD) using a Virtis Advantage plus freeze-drier  (SP scientific, Warminster PA, USA) as per the 
cycle outlined in Table 6-4. 
Table 6-4: Freeze-drying cycle details for formulation representing typical biopharmaceutical lyophilised 
products 
 Freezing 
rate 
Primary drying (1°) 1° to 2° to  temp 
ramp rate 
Secondary drying  
(2°) 
 °C/min Temperature 
(°C) 
Time 
(hrs) 
°C/min Temperature 
(°C) 
Time 
(hrs) 
 
Lysozyme 
formulation 
1.0, 2.5, 5.0 , 
20.0, 30.0 and 
40.0    % w/w 
0.3 -50 160 0.3 20 12 
 
All the vials were sealed under a 50 mTorr vacuum at the end of the freeze-drying run and 
stored at around 18 °C until used.   
 Mechanical behaviour of excipients 6.3.1.4
 
Sugar or disaccharides are considered as the most effective class of stabilisers for freeze-
dried macromolecule/protein formulations (Carpenter et al. 1997) over polyols, carbohydrate 
polymers, amino acids and salts (Kawai and Suzuki 2007).  Disaccharides stabilise the proteins, it is 
believed, by substituting for the water hydrogen bonds with the surface of proteins and also 
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kinetically by forming an amorphous solid glass, limiting the molecular mobility of the 
macromolecules thereby slowing down the degradation process.  Even though trehalose has a small 
tendency to crystallise (Sundaramurthi and Suryanarayanan 2010), it is able to provide these 
stabilising mechanisms. It also has a high glass transition temperature of 117 °C (Sundaramurthi et 
al. 2010) compared to that of sucrose 61-71 °C (Lee et al. 2011) and is able to provide H-bond 
interactions which can stabilise the shelf life of the products at ambient conditions.  The glass 
transition temperature is however, affected by presence of moisture, impurities and presence of 
other sugars  if they are used in combination for stabilisation (Seo et al. 2006).  Sucrose has a better 
solubility than trehalose at < 60 °C whilst trehalose systems have a higher tendency to undergo 
super saturation at sub ambient condition of freeze-drying process. Although δ-Mannitol, has been 
popular choice of stabiliser, it is one of the most challenging ones to formulate due to its tendency 
to crystallise into multiple polymorphs and hydrates. δ-Mannitol is therefore, only recommended as 
a bulking agent unless it is deliberately crystallised by annealing during the freeze-drying process. 
The three sugars trehalose, sucrose and mannitol were freeze-dried into cakes as follows; 
Sucrose (Sigma Aldrich, Dorset UK), D-mannitol (98-102 %, Sigma Aldrich, Dorset UK), 
trehalose (Cargill 1640 Minneapolis, MN, USA), were used to make 5.0% w/w solutions with purified 
and de-ionised water (>18.2 MΩ cm at 25 °C).  2 ml of solutions of each of the excipients were 
dispensed into 6 ml borosilicate glass vials (VCDIN6R, Schott, Germany) and placed on the trays in a 
hexagonal pattern.  A total of 168 vials were placed on each of the 2 trays in the freeze-drier in semi-
stoppered position.  Solutions were freeze-dried (FD) using a Virtis Advantage plus freeze-drier (SP 
scientific, Warminster PA, USA) as per cycle outlined in Table 6-5. 
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Table 6-5 : Freeze-drying cycle details for individual excipients 
 Freezing 
rate 
Primary drying (1°) 1° to 2° to  temp 
ramp rate 
Secondary drying  
(2°) 
 °C/min Temperature 
(°C) 
Time 
(hrs) 
°C/min Temperature 
(°C) 
Time 
(hrs) 
Sucrose   
Trehalose 
0.28 -50 150 0.3 20 12 
Mannitol 
0.28 -50 130 0.3 20 22 
 
All the vials were sealed under a 50 mTorr vacuum at the end of the freeze-drying run and 
stored at around 18 °C until used.   
 Comparison of cooling rate, freezing temperature and 6.3.1.5
controlled/spontaneous nucleation 
 
During freeze-drying the most common method of cooling the samples is ramp cooling 
where the samples are placed on the freeze-drier shelves before the temperature of the shelf is 
ramped at a desired rate to a desired temperature (pg. 52 in (Rey and May 2010)).  There are other 
methods of cooling e.g. placing vials on precooled shelves, quench cooling in liquid nitrogen as 
mentioned in Section 2.  
The cooling rate, hence freezing rate, directly affects the morphological structure and pore 
size, which in turn affects the drying rate.  When a 20 % dextran solution is frozen ‘fast’, the pores 
are smaller, giving higher resistance to flow and slower drying rates. The surface area of polystyrene, 
starch and silica gel were higher when cooling rates were higher during solidification stage (Rey and 
May 2010). Dawson and Hockley (Dawson and Hockley 1992) showed a fine filamentous directional 
network when 1 %w/v trehalose solution was frozen by liquid nitrogen and a leafy mixed orientation 
structure was observed when the vials were placed on shelves precooled to -50 °C.  
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Due to the stochastic nature of the ice nucleation event, structural heterogeneity is often 
observed in the structure of the dried cakes.  This heterogeneity is more commonly observed in 
slower freezing rates compared to controlled nucleation or faster freezing rates.   
In this work the FD samples of 5.0 % w/w sucrose were prepared by these three methods as 
follows: 
Method 
Sucrose (Sigma Aldrich, Dorset UK), was used to make 5.0 % w/w solutions with purified and 
de-ionised water (> 18.2 MΩ cm at 25 °C).  2 ml solution was dispensed into 6 ml borosilicate glass 
vials (VCDIN6R, Schott, Germany) and placed on the trays in hexagonal pattern.  A total of 168 vials 
were placed on each of the 2 trays in the freeze-drier in semi-stoppered position.  Solutions were 
freeze-dried (FD) using a Virtis Advantage plus freeze-drier and Lyostar with SMART™ technology (SP 
scientific, Warminster PA, USA) as per cycle outlined in Table 6-6.  
Table 6-6: Freeze-drying cycle details for comparison of freezing temperature and controlled/spontaneous 
nucleation 
 Freezing rate Primary drying (1°) 1° to 2° to  temp 
ramp rate 
Secondary drying  
(2°) 
°C/min Temperature 
(°C) 
Time 
(hrs) 
°C/min Temperature 
(°C) 
Time 
(hrs) 
Sucrose 
  5.0  
%
w
/w  
 
0.3 -40 190 0.3 20 24 
0.3 -50 208 0.3 20 24 
0.65 °C/min to -
 3 °C 
Depressurise for 
controlled 
nucleation 
0.15 °C/min to -
 50 °C 
-50 148 0.18 20 9.6 
 
All the vials were sealed under a 50 mTorr vacuum at the end of the freeze-drying run and 
stored at around 18 °C until used.   
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 DOE with model proteins representing typical 6.3.2
biopharmaceutical formulation products.   
  
The combination of sucrose and mannitol is considered to provide a versatile FD formulation 
(Johnson et al. 2002) as these products can be freeze-dried above Tg’ and maintain sucrose in 
amorphous form to provide relevant stability and crystalline mannitol to maintain the physical 
structure/elegance of the cake. 
The amount of each excipient used in a particular formulation varies depending on the 
active ingredient efficacy properties as tabulated by Kadoya et. al. (Kadoya et al. 2010). A typical 
formulation was prepared by using sucrose, mannitol, and lysozyme made in 6mM phosphate buffer 
adapted from (Lewis et al. 2010) with modifications to suit the capability of the freeze-drying system 
used here.  
Lysozyme is also known as muramidase and is a globular protein containing α (37 %) and β 
(5 %) domains as well as a significant fraction of turns and loops (58 %).  It is a glycoside hydrolase 
and known to catalyse the hydrolysis of 1.4-beta linkages between N-acetylmuramic acid and N-
acetyl-D-glucosamine residues in a peptidoglycan (Blake et al. 1965; Johnson 1998).  Lysozyme can 
be found in in animal secretions  (e.g. tears, saliva, human milk) in abundant quantities (SALTON 
1957).  Lysozyme is widely studied as a model protein system to understand the physicochemical 
properties of proteins.  The molecular weight of lysozyme is 14.3 kDa.  
Bovine serum albumin (BSA) is acetylated to inactivate contaminating nucleases and 
proteases (Gonzalez et al. 1977). It is suitable for use as an enzyme stabiliser during purification or 
for dilution of restriction endonucleases and nucleic acid modifying enzymes.  BSA is also commonly 
used in DNA and protein labelling experiments as a blocking agent to minimise background. BSA has 
a spherical shell of water molecules that are thermodynamically aﬀected more or less strongly by 
the protein molecule surrounding the BSA molecules (Bye et al. 2014). The molecular mass of BSA is 
62.6 kDa.  BSA only has α (77 %) and no β (0 %) domains and 22 % fraction of turns and loops.  
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In a study of the nanomechanical properties on protein structures , it was found that the β 
motif are generally a stiffer structural unit than α-helix in dry state (Perticaroli et al. 2013).  The 
microscopic reason for higher rigidity of beta structures was not clear but it was inferred that the 
higher strength might be related to existence of larger number of H-bonds per residue. The lysozyme 
had higher Young’s modulus of approximately 10 GPa and BSA at 7.7 GPa (Perticaroli et al. 2013).  
 
Method 
 The behaviour of typical biopharmaceutical formulation was investigated using a design of 
experiments (DOE) programmed using Design Expert® software (http://w/ww.statease.com.html).  
The model proteins used for this study was lysozyme (7000 units per mg 62971- Fluka, Dorset, UK) 
and bovine serum albumin (> 96 %, Sigma Aldrich, Dorset UK).  A response surface design was used 
with the factors studied; (1) combination of excipient ratio (sucrose to mannitol) and (2) cooling 
rate. See Table 6-7.  The response measured was the cake crushing strength, cake Young’s modulus 
and the moisture content.  
Table 6-7 : Design of experiments using Design Expert® 
Run Ratio of  
Sucrose : Mannitol: Lysozyme/BSA: Buffer salt 
Ratio of Mannitol to 
Sucrose 
Cooling rate 
(°C/min) 
1 0.0  :  69.7 :  27.9   :2.4 0:10 0.90 
2 13.9:  55.8 : 27.9   :2.4 2:8 0.90 
3 27.9:  41.8 : 27.9   :2.4 4:6 0.90 
4 41.8:  27.9 : 27.9   :2.4 6:4 0.90 
5 55.8:  13.9 : 27.9   :2.4 8:2 0.90 
6 69.7 :  0.0  : 27.9   :2.4 10:0 0.90 
7 0.0  :  69.7 :  27.9   :2.4 0:10 0.09 
8 13.9:  55.8 : 27.9   :2.4 2:8 0.09 
9 27.9:  41.8 : 27.9   :2.4 4:6 0.09 
10 41.8:  27.9 : 27.9   :2.4 6:4 0.09 
11 55.8:  13.9 : 27.9   :2.4 8:2 0.09 
12 69.7 :  0.0  : 27.9   :2.4 10:0 0.09 
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 Lysozyme 6.3.2.1
 
  The complete formulation was prepared in solution with lysozyme (7000 units per mg 
62971- Fluka, Dorset, UK) (1 % w/w), stabiliser (2.5 %
 w/w) prepared in 6 mM phosphate buffer pH 7.4.  
2 ml solution was dispensed into 6ml borosilicate glass vials (VCDIN6R, Schott, Germany) and placed 
on the trays in a hexagonal pattern.  A total of 168 vials were placed on each of the 2 trays in the 
freeze-drier in semi-stoppered position.  Solutions were freeze-dried (FD) using a Virtis Advantage 
plus freeze-drier  (SP Scientific, Warminster PA, USA) as per cycle outlined in Table 6-8.  
Table 6-8:  Freeze-drying cycle details for lysozyme formulations as per Table 6-7. 
 Freezing 
rate 
Primary drying (1°) 1° to 2° to  temp 
ramp rate 
Secondary drying  
(2°) 
 °C/min Temperat
ure (°C) 
Time 
(hrs) 
°C/min Temperature 
(°C) 
Time 
(hrs) 
 Formulation 
Sucrose:  
Mannitol:  
Lysozyme  
as per Table 6-7 
0.09 -50 160 0.3 20 12 
0.90 -50 160 0.3 20 12 
 
All the vials were sealed under a 50 mTorr vacuum at the end of the freeze-drying run and 
stored at around 18 °C until used.   
 Bovine Serum Albumin  (BSA) 6.3.2.2
 
The complete formulation was prepared in solution with a model protein Bovine Serum 
Albumin (> 96 %, Sigma Aldrich, Dorset UK) (1 %w/w), stabilizer (2.5 %w/w) prepared in 6 mM 
phosphate buffer pH 7.4).  2 ml solution was dispensed into 6ml borosilicate glass vials (VCDIN6R, 
Schott, Germany) and placed on the trays in hexagonal pattern.  A total of 168 vials were placed on 
each of the 2 trays in the freeze-drier in semi-stoppered position.  Solutions were freeze-dried (FD) 
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using a Virtis Advantage plus freeze-drier  (SP Scientific, Warminster PA, USA) as per cycle outlined in 
Table 6-9.  
Table 6-9 : Freeze-drying cycle details for BSA formulations as per Table 6-7. 
 
 Freezing 
rate 
Primary drying (1°) 1° to 2° to  temp 
ramp rate 
Secondary drying  
(2°) 
 °C/min Temperature 
(°C) 
Time 
(hrs) 
°C/min Temperature 
(°C) 
Time 
(hrs) 
 Formulation 
Sucrose:Mannit
ol:BSA as per 
Table 6-7  
    
0.3 -50 160 0.3 20 12 
Precool
ed shelf 
-50 160 0.3 20 12 
 
All the vials were sealed under a 50 mTorr vacuum at the end of the freeze-drying run and 
stored at around 18 °C until used.   
 
 Mechanical characterisation method 6.4
 
 Introduction to mechanical testing of solids 6.4.1
 
All materials deform as a function of applied stress. Distinct mechanical properties can be 
determined by a range of well-established test methods which include tensile, compression, 
bending, shear, torsion, impact and indentation testing. See Figure 6-7.  Many of these are standard 
test methods as endorsed by the ASTM and ISO. 
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Figure 6-7 : Schematic sketches showing modes of loading for the mechanical characterisation of materials 
  
A diametrical compression test is carried out by compressing a solid cylindrical specimen 
between two well-lubricated flat dies (platens).  Due to the presence of friction and barrelling effect, 
compression tests are subject to inaccuracies.  Torsion tests are conducted on tubular specimens 
subjected to shear twisting.  In order to obtain an approximately uniform stress and strain 
distribution along the cross section, this test is usually performed on a thin tubular specimen.  The 
shear stress  𝜏 can be calculated by  
tr
T
2
2
          (39) 
 where T is the torque, r is the average radius of the tube, and t is the thickness of the tube at its 
narrow section. The ratio of the shear stress to the shear strain in the elastic range is known as the 
shear modulus, or modulus of rigidity, a quantity related to the modulus of elasticity.  
The tensile test is the most commonly used test to determine mechanical properties of 
materials. True stress-strain curves can be constructed to determine the strength ductility, the 
strain-hardening exponent, toughness, Young’s modulus and the toughness of materials.  Although 
most tension-test specimens are solid and round, they can also be flat or tubular.  
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Bending or flexure tests are commonly used for brittle materials to determine their modulus 
of rupture or the transverse rupture strength.  The bending test involves a specimen that has a 
rectangular cross section and is supported at two points close to the edge from underneath.  The 
load is applied vertically, at either one point or two points; as a result, these tests are referred to as 
three-point and four-point bending, respectively.  The longitudinal stresses in the specimens are 
tensile at their lower surfaces and compressive at their upper surfaces. 
Impact tests determine the energy required to completely break a specimen. This energy is 
called the impact toughness of the material.  A typical impact test consists of placing a notched 
specimen in an impact tester and breaking the specimen with a swinging pendulum.  In the Charpy 
impact test, the specimen is supported at both ends and in the Izod compact test, it is supported at 
one end like a cantilever beam.  From the amount of swing of the pendulum, the energy dissipated 
in breaking the specimen can be obtained; this energy is the impact toughness of the material. 
Impact tests are particularly useful in determining the ductile–brittle transition temperature of 
materials 
Hardness tests are used to determine the resistance of a material to permanent indentation 
or scratching.  Hardness is related to strength and wear resistance of a material, but it is, itself, not a 
fundamental property because the resistance to indentation depends on the shape of the indenter 
and on the load applied.  Several test methods using different indenter materials and shapes have 
been developed to measure the hardness of materials.  Commonly used hardness tests are Brinell 
test, Rockwell test, Vickers test, Knoops test and Knorrs hardness (Czichos 2006). See Table 6-10. 
Brinell test involves pressing a steel or tungsten-carbide ball 10 mm in diameter against a surface, 
with a load of 500, 1500, or 3000 kg.  The Brinell hardness number (Czichos 2006; Meyers 2009) is 
defined as the ratio of the load to the curved surface area of the indentation.  The indenter, which 
has a finite Young’s modulus, also undergoes elastic deformation under the applied load; as a result, 
hardness measurements may not be as accurate as expected.  The Rockwell test was developed by 
S.P. Rockwell in 1922 (Rockwell 1922).  This test measures the depth of penetration instead of the 
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diameter of the indentation.  The indenter is pressed onto the surface, first with a minor load and 
then with a major load; the difference in the depths of penetration is a measure of the hardness of 
the material.  The Vickers test was developed in 1922 (Czichos 2006) and was formerly known as the 
diamond pyramid hardness test.  Vickers test uses a pyramid-shaped diamond indenter and a load 
that ranges from 1 kg to 120 kg.  The Vickers test gives essentially the same hardness number 
regardless of the load. Vickers-type tests are performed in atomic force microscopes and 
nanoindenters and used to estimate hardness at penetration depths as low as 20 nm. 
The Knoop test was developed by F. Knoop in 1939 (Meyers 2009).  This test uses a diamond 
indenter in the shape of an elongated pyramid with applied loads ranging generally from 25 g to 
5 kg. Because of the light loads that are applied, the Knoop test is a microhardness test; therefore, it 
is suitable for very small or very thin specimens, and for brittle materials. This test is also used for 
measuring the hardness of individual grains.  The size of the indentation is generally in the range 
from 0.01 to 0.10 mm; consequently surface preparation is very important.  As the hardness number 
obtained depends on the applied load, Knoop test results should always cite the load used. Mohs 
hardness test was developed in 1822 by F. Mohs (Meyers 2009).  This test is based on the capability 
of one material to scratch another.  The Mohs hardness is based on a scale from 1 to 10, with 1 
being the measure for talc and 10 that for diamond (the hardest substance known).  A material with 
a higher Mohs hardness number always scratches one with a lower number.  Because hardness is 
the resistance to permanent indentation, it can be likened to performing a compression test on a 
small volume on the surface of a material (Meyers 2009).  Many of these hardness tests were 
designed for testing metals and ceramics, though some have been adapted for studying polymers. 
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Table 6-10 : Types of impact tests and indenters used for ceramics and metals.   
 From http://www.pearsonhighered.com/ pdf 
 
 
 Flat punch indentation method 6.4.2
 
During indentation testing a cylindrical punch is pressed onto the sample surface resulting in 
elastic, plastic or brittle deformations.  The applied load and the indenters’ displacement are 
recorded simultaneously during the experiment for both loading and unloading experimental stages 
(Oliver and Pharr 1992).  The indentation test used here is developed from the traditional hardness 
tests such as Brinell, Rockwell, Vickers, and Knoop (Hay 2009).  This technique has been used widely 
for characterising polymers, biomaterials, metals, glass and ceramics in order to determine directly, 
the material hardness or indirectly, bulk mechanical properties such as Young’s modulus when other 
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methods have proven unsuitable (Hay 2009).  There is no strict sample size or shape requirements, 
therefore, virtually no sample preparation is required (Gubicza et al. 1996). 
A number of methods based on experimental and numerical studies have been proposed to 
extract mechanical properties from indentation load–displacement curves. Finite element 
techniques have also been used more directly to extract the mechanical properties of materials by 
matching the simulated loading and unloading curves with the experimental ones (Knapp et al. 1999; 
Laursen and Simo 1992; Bhattacharya and Nix 1988; Knapp et al. 1999; Laursen and Simo 1992).  
Most of these methods are based on the theoretical solution proposed by Boussinnesq in 
1885, as given by Sneddon (Sneddon 1965), where the indentation depth is determined within an 
elastic half space for various indenters.  When using a flat cylindrical punch for indentation tests on 
flat surfaces, the stress field generated is similar to that given by Hertzian stress field (Fischer-Cripps 
2000; Mouginot and Maugis 1985; Mouginot and Maugis 1986).  The contact radius with cylindrical 
flat punch is constant and independent of the indenter load whereby the number of variables to be 
analysed is reduced.  However, the sharp edge of a cylindrical punch indenter may cause a 
singularity in the stress field at the edge of the circle of contact where the stresses are infinite but 
the stress and the surface displacements outside the circle of contact are the same to that of a 
sphere.  This could cause plastic deformation of the indented sample, but if the load on the indenter 
is not too large, then a small amount of plastic deformation at the edge does not appreciably affect 
the elastic stress distribution within the sample being tested.  The analytically determined stress 
field associated with cylindrical punch indenter has been reported by Sneddon (Sneddon 1946) as ; 
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     ( 40) 
where Pm is the contact mean pressures (Pm = P/Πa
2), r is the radius of stress field, a is the radius of 
cylindrical indenter and the σz is the stress at any point in the field. Refer to Figure 6-8 below for the 
distribution of stresses under a flat indenter.  
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Figure 6-8 : Graph showing distribution of stresses as function of relative distance from the edge of the 
cylindrical indenter. From (Mouginot and Maugis 1985) 
 
Under the indenter, the penetration depth uz beneath the original specimen free surface and 
is found from:  
araP
E
mz



2
1
2

      (41) 
Where v is the Poisson’s ratio of the specimen and E is the modulus of specimen.  
Outside the circle of indentation, the penetration depth is determined by;  
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      (42) 
Mouginot and Maugis  (Mouginot and Maugis 1985)  also note that with flat indenters, the 
fracture does not develop symmetrically down from the surface but rather gently runs round the 
contact area to form a complete circle which is difficult to analyse.  Therefore, it is always assumed 
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that an axial symmetry holds for flat punch indentations.  Also, just as in Hertzian fracture, the 
fracture cone does not initiate at the edge of the contact but at a relatively larger r0/a e.g. 1. 1 to 1.4 
with this value increasing faster as the radius of the indenter decreases compared to spherical 
indenter.  This effect is explained by Johnson et al (Johnson et al. 1973) that an interfacial shear 
stress appears due to an elastic mismatch causing maximum surface tensile stress to diminish and to 
move outward from the contact circle and secondly this behaviour is concealed by the Weibull 
distribution of flaws in the undiminishing stress field approximation. Mouginot and Maugis 
(Mouginot and Maugis 1985) on the other hand explain this difference based on the stress gradient 
being the steepest close to the contact circle therefore the flaws are more likely to flow at a larger 
r0/a where the tension remains relatively high along its entire length.  That is due to steeper 
decrease of stresses, the starting radii for flat punches are much larger.  
The critical load for flat punch Pc (regardless of the shape of flatness) for initiation of a 
fracture cone is given by:  
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where 𝛾 is the half of strain energy release rate, v is the Poisson’s ratio, a is the radius of cylindrical 
indenter and E is the Young’s modulus. 
For cylindrical flat punch indentation, Young's modulus and yield strength can be calculated 
from the peak load and the initial slope of the unloading curves as proposed by Oliver et al 1992 
(Oliver and Pharr 1992; Zorzi and Perottoni 2013).  Oliver and Pharr (Oliver and Pharr 2004) propose 
that the effective Young’s modulus of a material can be derived from the rate of unloading stiffness 
through the relationship:  
AES
Eff

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2
       (44) 
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where S is the unloading stiffness measured by the slope of the unloading section of the load-
displacement curve (Figure 6-9), β is the dimensionless parameter to account for the symmetry of 
the indenters, A is the contact area and Eeff is given by: 
i
i
eff
EE
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
       (45) 
where , i and E and Ei are the Poisson’s ratio for the sample and indenter respectively. 
 
Figure 6-9: Figure showing the location of unloading stiffness 
 
The hardness and elastic moduli of fused silica, soda-lime glass, and single crystals of 
aluminium, tungsten, quartz, and sapphire have been previously calculated from indentation load 
displacement data using an analysis technique that accounted for curvature in the unloading data 
and was compared with data acquired by another independent means to validate the procedure 
used (Oliver and Pharr 1992; Oliver and Pharr 2004).   
The global strain is calculated using: 
o
o
h
hh 
       (46) 
where h is the height of the sample after movement of the load cell/crosshead, and ho is the original 
cake height.  
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The value of ho was measured by descending the indenter into an empty vial and 
determining the height at which the indenter touched the vial base; h1.  The indenter was retracted 
and a vial with sample is placed in the same position.  The height at which the indenter makes 
contact with the cake is noted as h2.  The original height of cake ho is calculated by subtracting h1 
from h2.  The global compressive strain ε is limited to the range 0 to 1.  
The indentation compressive stress (σ) was calculated using; 
0
A
F
         (47) 
where F is the measured force, and Ao is the contact surface area in m
2 of the flat punch. 
Compression by indentation testing enables the measurement of specimen behaviour to an 
applied force when it is compressed, squashed, crushed or flattened.  These include the elastic limits 
for the material also reported as the yield strength and Young’s modulus. The freeze dried 
biopharmaceutical cakes are brittle and too fragile to be removed from the vial, therefore, the only 
suitable compression mode, was loading by indentation, for the FD cake samples in the vials.  
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 Assembly of equipment  6.4.3
 
The load cell was purchased from Futek (Bedfordshire, UK). The load cell chosen was one 
that could operate in tensile and compressive modes. The load cell sizes available in this 
configuration were 100 g, 250 g and 907 g. 
 
Figure 6-10 : Schematic diagram of the Mechanical Testing Instrument (MTI) 
 
The load cells made of Al and stainless steel and weighed 9 g. The z axis motion control is a 
linear actuator from Zaber Technology (British Columbia, Canada) with 50 mm displacement range. 
The indentation probe, attached to the load cell, is made of solid polymethyl methacrylate (PMMA), 
weight 6 g, in both 5 mm diameter and 10 mm diameter cylindrical pieces. The data collection was 
achieved by a DI1000 (Loadstar Sensors) high precision resistive load cell amplifier with a USB 
output. See Figure 6-10. 
The choice of load cell range depended on the samples intended to be tested.  Freeze-dried 
cakes are fragile and therefore, the load cell selected for the equipment was one that was expected 
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to be sensitive at low loads.  250 g load cell with ±3 % accuracy was used.  The probe was made of 
PMMA which is a material light in weight so it will not affect accuracy at very low loads.  PMMA   has 
high surface hardness, is scratch resistant and is rigid. It has Young's Modulus of 178 MPa,  which is 
more than 2.7 times stiffer than the expected strength of the samples as per suitability requirements  
(Dzhemelinskii et al. 1973) for the difference in strength between the probe and the sample being 
tested. The size of the probe was based on the size of the vial opening. The borosilicate glass vials 
used in this study (VCDIN6R, Schott, Germany) had a neck opening of 11 mm. The probe was 
cylindrical with a maximum 10 mm diameter. It can be descended into the vial with enough clearing 
from the edge of the vial lip without touching the vial surface. A flat faced probe was used to provide 
uniform and maximum contact surface area on the sample so as to provide ample sensitivity for very 
soft FD cakes.  
   Software 6.4.4
 
The actuator extension into the sample is controlled by purpose written software which 
begins after the initial placement of the desired sample on the base plate of the instrument.  The 
load cell, responsible for recording the force in the axis of actuator, as it penetrates down into the 
sample vial, reports data at regular intervals of ~0.1 second based on the incremental travel of the 
actuator.  Typically during the method, the actuator will extend to a maximum of 3000 m into the 
sample and the forces recorded will range from zero to 250 grams depending on the sample and 
load cell selected. 
The mechanical test instrument (MTI), used multithreaded control  software (written by 
Gary Bignall from Surface Measurements Systems, London, UK), utilising just three threads (user 
interface, actuator control and load cell data acquisition), incorporates a real time cumulative 
graphical display of the indentation force which may be panned and zoomed over the range of force 
values recorded during a method run.  The Y axis of the graph displays the load cell force in grams 
while the X axis displays the actuator extension in terms of actuator encoder steps indexed from the 
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method’s start position in m referred to as vertical displacement.  Irrespective of actuator step size 
chosen, data is sampled from the load cell at a rate of approximately 10 samples per second to 
ensure good data resolution.  An on-screen calculator is provided which, for any given combination 
of maximum penetration depth and step size, will display the number of steps remaining in the 
current method run. 
Under software control, the extension of the actuator and the probe is driven by a periodic 
output command causing it to move to the next step; an important parameter in the initial 
configuration of the MTI is the required actuator stepping distance, measured in microns, to be used 
throughout the method. Experiment load cell data is recorded for each move of the actuator 
extension into the sample.  Raw experimental data is also captured simultaneously to computer for 
later analysis and for import into other analysis software packages. 
 Safety features 6.4.5
 
The MTI provides some protection for its own components against accident damage.   The 
actuator is physically restricted to a maximum movement of 50 mm but will halt whilst moving if 
either the load cell reaches a specified overload force, set by the operator, or when the maximum 
actuator extension of 50 mm has been reached.  The actuator can be fully retracted at any time 
manually from the user interface irrespective of any other instrument operation.   
 Operation procedure with FD vials 6.4.6
 
Immediately on releasing vacuum from the vials, compression tests using a 10 mm diameter 
flat faced probe were carried out on the cake within the glass vial at ambient test conditions using a 
loading velocity 10 µm/sec.  The cakes are approximately 6-8 mm high and have diameter of 22 mm. 
The force measured (gram) versus displacement (µm) was recorded during the compression into the 
central zone of the dried cakes.  Experiments are conducted at a nominal laboratory temperature of 
22 °C and a laboratory relative humidity of 40-60 %RH.  
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For an analytical method to be valid and to produce results of quality according to 
International Conference on Harmonization (ICH) (ICH Expert Working Group 2005), the analytical 
method has to be validated for its targeted application. For mechanical testing systems, such as the 
one developed in this study, specifications provided by component manufacturers has been 
accepted as accurate e.g. linear actuator and load cell.  
In the case of strain gauged load cells, deflection of the load cells must be maintained within 
the linear elastic regime of the material from which the load cell was constructed.  For load cells 
used  in a compression mode, the load cell must be accurate, compensate for temperature, be 
tested for creep, deflection, hysteresis, natural frequency, non-linearity, non-repeatability, operating 
temperature, rated load, rated output, resolution, safe overload, temperature shift, and zero return 
(Ricelake weighing systems 20107).  Most of these criteria are tested by the manufacturer of the 
load cell and the load cell is accepted as being compliant.  For this research work, the load cell was 
accepted on the manufacturers’ specifications as attached in Appendix 1.  
As the load cell was installed on a surface to suit our purpose with no specified suitable 
installation guide, the accuracy of the load measurement was verified using calibrated weights.  The 
load cell compliance; that is specifically stiffness, of the load cell under the test load range was also 
verified before use.  
 Load cell compliance 6.4.7
 
The deflection of a load cell between no-load and its maximum rated load plays an 
important role in its performance.  This deflection was examined by applying force against a hard flat 
stainless steel surface and the resultant deflection was detected from the force-displacement graph. 
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Figure 6-11: Graph showing compliance calibration of the 250g load cell. (n=4) 
  
For every 100 g of load imposed on the load cell, the deflection displacement, hm measured 
was 100 m (Figure 6-11). The true imposed sample displacement h is calculated using Equation 48; 
mt
hhh        (48) 
where ht is the observed displacement.  
There is a load cell deflection of 0.001 µm for every 1 g of load measured. This deflection has 
been compensated for, when analysing the sample results by correcting for the actual displacement 
at any given load measurement e.g. for a measured 300 g load, 303 µm is subtracted from the 
measured displacement i.e. h =ht -303 m 
 Force and distance calibration 6.4.8
 
The actuator used in the MTI requires no calibration as it is a digital (stepper motor based) 
mechanically geared movement device capable of homing and resetting itself internally using its 
own firmware.   
The load cell detection accuracy was calculated using a series of calibrated weights. See 
Figure 6-12.  
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Figure 6-12: Calibration curve of the MTI using calibrated standard weights 
 
The MTI output of measured load was taken as accurate within the rated operating range for 
the load cell.  
 Raw load-displacement data analysis 6.4.9
 
 
Figure 6-13 : Typical stress-strain curves representative of brittle behaviour of FD cakes tested 
 
Figure 6-13 shows typical sample data sets for the mechanical indentation of freeze-dried 
cakes. The deformed material behaves in a linear elastic fashion initially followed by a constant 
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stress plateau.  This plateau stress region exhibited a slowly rising stress followed by a series of rapid 
decreases in load due to the cake fracture process.  The top of the sample that faces the indenter 
probe are layers of hollow cells where failure is probably caused by the bending failure of the cell 
walls and edges or by the fracture of the vertical cellular elements under a combined bending and 
tension moment (Maiti et al. 1984a).  However, this strength is then recovered when the next layer 
of cells are compressed until their failure stress is reached.  These cells will also eventually collapse, 
creating a new loss of strength.  These steps continuously repeat until all the cells of the specimen 
have collapsed. The above scenario leads to the series slowly increasing stress followed by periodic 
but rapid reductions as cracks propagate through the sample.  
From this variable load response of the sample to the indentation compression, the 
indentation stress on the overall cake was extracted using an envelope for the maximum stress–
strain profile as illustrated in Figure 6-14.   
 
Figure 6-14: An illustration of the stress-strain envelope constructions from raw mechanical data 
 
An envelope was constructed around the raw experimental data. The values on the 
envelope line were read as the ‘raw data’ to accommodate for rapid but continual decrease in the 
stress due to intermittent cell failures.  The values from this envelope corresponding to the strains 
were used for further calculations.  For example, the corresponding response at position ‘a’ in Figure 
6-14 is x1 for strain and y1 for stress.  
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 Determination of Young’s modulus and crushing stress from 6.4.10
indentation compression   
 
During indentation testing, a cylindrical punch is pressed onto the sample surface resulting 
in elastic, plastic or brittle deformations. The applied load and the indenters’ displacement are 
recorded simultaneously during the experiment for both loading and unloading experimental stages 
(Oliver and Pharr 1992).  
When a brittle foam is compressed by a flat punch, the cells beneath the punch collapse in 
the direction of the ‘punching’ but expand sideways hardly at all (Gibson and Ashby 1999).  Because 
of this, the material is not constrained by its surroundings in the way that the zone in a dense 
material would be. Lack of sideways expansion makes the indentation test exactly like a compression 
test (Gibson and Ashby 1999).   
 Young’s Modulus from indentation  6.4.11
 
Sneddon in his original work in 1965 (Sneddon 1965) proposed that Young’s modulus can be 
derived from indentation by flat ended cylindrical punch by using Equation 49: 
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where  is the rigidity modulus, E is the Young’s modulus and v is the Poisson’s ratio. 
The rigidity modulus is derived from Equation 50: 
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where r is the radius of the cylindrical indenter, h is the displacement and F is the force applied. The 
indenter used is a flat faced cylindrical probe with 5 mm or 10 mm radius r.    
 The Sneddon based theory used to analyse the experimental data reported here contains 
the following assumptions: 
 It is assumed that the specimen or FD cakes is an infinite halfspace 
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 The indenter contact area is an ideal circle 
 There is no friction between the indenter and the sample on contact 
 There is no interaction between the sample and the indenter surface 
 Unlike dense solids which are incompressible generally, cellular materials change their 
volume when compressed. The cells collapse, when the structure is compressed producing very little 
lateral spreading at the beginning of indentation. The ratio of lateral spreading to the axial 
compression is typically 0.04 (Shaw and Sata 1966; Rinde 1970) for cellular structures. Poisson’s ratio 
is further reduced as embrittlement is increased in materials (Greaves et al. 2011).  Cellular 
structures from organic materials similar to that studied here like sucrose, trehalose and mannitol 
have reported Poisson’s ratio is around 0.2 (Rohm et al. 1997) for starch foam and sugar (Ramrez et 
al. 2010).  Considering these reported values, it is assumed that the Poisson’s ratio v for all freeze-
dried, brittle, cellular cakes used in this study is 0.2. 
The Young’s modulus for FD cakes Ef, therefore is derived using the following equation: 
 
rh
FE
f
2
1
2


       (51) 
    
 Compression stress from indentation   6.4.12
 
Brittle materials collapse by brittle crushing (Rusch 1970; Morgan et al. 1981; Maiti et al. 
1984b; Kurauchi et al. 1984). The indentation pressure is however, not always equal to the 
compressive strength in open celled brittle materials even though there is no lateral expansion. 
Instead, the indentation pressure can depend strongly on the size of the indenter under certain 
circumstances (Gibson and Ashby 1999; Dam et al. 1990).  The relationship between indentation 
pressure σi and the compressive crushing stress σcr is given by Equation 52 as outlined in (Gibson and 
Ashby 1999) 
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where c is the deflection at which an individual strut in the open cell structure is expected to break, 
m is a multiplier in the order of 3, l is the size of the cell and A is the area of the indenter that 
contacts the sample surface.  
When a brittle foam is compressed by a flat punch, the cells beneath the punch collapse in 
the direction of the ‘punching’ but do not expand sideways (Gibson and Ashby 1999).  Because of 
this the material is not constrained by its surroundings in the way that the zone in a dense material 
would be. Lack of sideways expansion makes the indentation test exactly like a compression test 
(Gibson and Ashby 1999). 
  A small investigation of the effect of punch diameter was undertaken to confirm that the 
indentation stresses measured correspond directly with the compressive stresses. The effect of 
probe size was studied using probes of three different diameters. See Table 6-11. 
 
Table 6-11: Effect of probe 
Contact area of probe 
(mm2) 
Maximum load at failure 
(N) 
Stress normalised for contact area 
(kPa) 
0.20 1.4 70 ± 1.0 (n=3) 
0.33 2.3 70 ± 1.0 (n=3) 
0.79 5.5 70 ± 0.5 (n=3) 
 
This table confirmed that there was no effect of the probe size used for the indentation study 
of brittle freeze-dried cakes.  The indentation stress is assumed to be the compressive stress for this 
study. 
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 Scanning Electron Microscopy (SEM)  6.5
 
Freeze-dried samples are usually very brittle, highly hygroscopic, hence are very difficult to 
embed in resin or to stain.  However, image analysis provides important information on the 
structure by a visual morphological picture of the material both macroscopically and microscopically.  
SEM contains an electron optical system designed to focus an electron beam on the sample surface, 
a scanning system, a signal detector, an amplifier and a imaging system (Goldstein et al. 1981).  The 
electron beam is used to scan the sample surface by focussing the beam using electromagnetic 
lenses.  The interactions of the atoms in the samples with the focussed beam of electrons produces 
secondary electrons, back scattered electrons and X-ray photons.  The image of intensity of the 
physical signals produced by scanning is transcribed on a screen as a resultant image.  The secondary 
electrons produce topographic contrast on the geometric structure of the sample, which is the usual 
imaging method used for lyophilised materials (Rey and May 2010).  The back scattered electrons 
that bounce primarily on the sample surface, yield information on the atomic number of the atoms 
encountered in the sample. X-ray photo-electrons emitted by ionised atoms carry information on 
their chemical nature.  The absorbed current induced electromotive force and cathode luminescence 
are not suitable for lyophilised products. 
Most SEM systems works under medium vacuum, so only dry samples are suitable for study.  
As SEM involves bombarding the sample with x-rays, it is important that the sample either be 
electrical conducting or have a conducting surface coating.  Otherwise, the sample will become 
surface charged and the electron beam will be deflected away from the sample.  Freeze-dried 
sample preparation for SEM is a challenge as the samples are very brittle.  Cutting them with even 
the sharpest of blades can alter the sample.  Embedding the samples into a polymer medium is 
difficult due to high viscosity of embedding agents and therefore, poor infiltration.  FD materials are 
difficult to adhere to the SEM sample stub as the cakes break readily on any handling.  Due to the 
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cellular structure and organic nature of most freeze-dried samples, they are excellent insulators and 
therefore, require a 5-10 nm sputter coating with gold.  
Structural details like crystallinity/amorphicity have been inferred from the SEM images in 
the past.  Tarelli et al  (Tarelli et al. 1987) observed pitted or sponge like surface features, and 
interpreted them as evidence of crystallised mannitol, whereas the other excipients they tested like 
lactose and trehalose were smooth and consistent indicating the amorphicity of these components.  
Trehalose solutions, when slow cooled for freeze-drying, forms leafy amorphous structures whereas 
if it is fast cooled, it forms a network of fine filaments.  Hatley et al (Hatley 1992) observed the 
smooth structure of FD sucrose and interpreted it as indication of amorphous sucrose and concluded 
that the rough pitted structure of FD mannitol to be crystalline. These results were confirmed with 
DSC for amorphous and crystalline nature of sucrose and mannitol.  
Samples in these experiments were prepared by carefully separating the cake vertically, into 
halves using a sharp scalpel without cutting it.  One half of the cake was then divided into quarters 
vertically using a sharp scalpel to tease it apart.  The second half of the cake was first separated into 
quarters and each quarter was teased horizontally into two portions. See Figure 6-15.    
 
 
Figure 6-15 : A schematic showing the vertical and horizontal surfaces of the FD cakes observed by SEM 
 
Approximately 0.4 cm3 samples, with the freshly separated surface orientated upwards, 
were mounted on the SEM stub covered with a drop of conducting silver paint and let to dry.  The 
sample was sputter coated with Au for 120 s in an Ar atmosphere (Emitech K550).  A TM-1000 
(Hitachi, Japan) table-top SEM (15 kV accelerating voltage and solid state backscattered electron 
detector) was used to scan the morphology of the FD cakes at magnifications of up to 5000 x.   
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Figure 6-16: Typical SEM image and outline of area measured to represent individual cell size.  
 
The dimensions of cell height and length were measured from the micrographs (x 1000) and 
thickness from x 5000 micrographs, using computer based software (Image J, National Institute of 
Health, USA) as shown in Figure 6-16. Using the length scale of the image, the cell area was 
measured as outlined in Figure 6-16. On average, 100 cell dimensions (n=100) were measured for 
each sample and mean dimensions determined and reported. 
 Moisture content 6.6
 
 Total moisture content by Karl fisher 6.6.1
 
The moisture content for freeze-dried samples was measured by coulometric Karl Fisher (KF) 
method.  This method measures all moisture available in the product including the ‘bound moisture’.  
It has been a method for moisture determination since 1935 (Rey and May 2010).  In a coulometric 
method, the iodine is electrically generated at the surface of the electrode immersed in pyridine, 
sulphur dioxide and methanol to react with water.  Equation 7 is applied for calculation of the mass 
of iodine was produced and hence the quantity of water consumed using Equation 8. 
The freeze-dried sample can be prepared in multiple ways for introduction in the KF titration 
vessel.  Firstly, the pulverised freeze- dried cake, weighed accurately, can be added directly to the 
vessel.  Secondly, the sample can be introduced into the air-sealed KF vessel by pre-dissolving or 
suspending the cake in methanol based reagent by injecting the solution straight into the vacuum 
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sealed vial and taking an aliquot for KF titration vessel for analysis.  Thirdly, the sample can be 
heated to let the moisture evolve into the head space and the ‘air’ in the head space can be injected 
into the KF titration vessel for analysis.  
For this investigation, the moisture content of FD samples was determined using standard 
coulometric analysis on Karl fisher (C30, Mettler Toledo, Ohio, USA). The samples were prepared by 
injecting 2mL of dry methanol (< 0.1 % water, Hydranal methanol dry Sigma Aldrich, Dorset, UK) and 
formamide (Hydranal dry formamide, Sigma Aldrich, Dorset, UK) mixed in 5:1 ratio. The sample was 
dissolved in the mixture by shaking the vials. An aliquot, approximately 100mg was weighed 
accurately into the titration vessel containing 100 ml KF reagent (Hydranal ® Composite 5, Sigma 
Aldrich, and Dorset, UK). The output of measured water content was then inserted backwards to 
calculate the total quantity of water in each individual vial as a percentage of the freeze-dried solid 
content.  
  Adsorbed moisture gain indicated by weight gain at ambient 6.6.2
conditions 
 
The lids of the vials were removed and the weight gained by the vial, over set exposure 
times was measured in the laboratory atmospheric humidity of about 40 %RH.  The moisture gain 
with respect to time was determined gravimetrically on single vials, using the below expression, with 
time starting the moment the vial stopper was removed:  
100
100
)0()(
)(% 


mg
timeMassSamplextimeMassSample
xtimeinMoistureGa      (53) 
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 Moisture adsorption by freeze-dried cakes by Dynamic Vapour 6.6.3
Sorption   
 
Dynamic Vapour Sorption (DVS) gravimetric instruments (Surface Measurement Systems 
Ltd., London, UK) provide rapid and accurate measurements of gravimetric moisture and organic 
vapour uptake and loss in solid materials at specific temperatures and pressures as a function of 
time. The gravimetric moisture or solvent uptake of the sample is determined as a function of time 
at fixed relative humidity (Lovette et al. 2008) or partial pressures (Lohani and Grant 2006). 
Water-solid interactions, such as surface adsorption on bulk solids, bulk water sorption and 
solid state hydration reactions and phase transitions can all be studied using DVS gravimetric 
instruments.  
In this work, a DVS gravimetric instrument (Figure 6-17) was employed to simulate various 
atmospheric ambient temperatures and relative humidity conditions for sorption studies, using the 
whole cake from each vial which weighed between 65 to 100 mg.  Relative humidity refers to the 
partial pressure of water vapour in the atmosphere over the sample pan. 
The rate of moisture sorption onto the cakes were measured with DVS-1 (Surface 
Measurement Systems, London) which has a balance resolution of ± 0.1 μg and a drift of less than 2 
μg per day. The DVS-1 is capable of controlling RH between 0 % and 98 % P/P0 (± 1 % P/P0). The 
experiments were carried out at 25 °C to represent general ambient temperature however the 
system temperature can be controlled between 5 °C and 60 °C (± 0.5 °C) if required. The dry 
laboratory air is separated into two streams prior to entering into the DVS system (Figure 6-17). One 
stream is directed through a humidifier continuously, and then mixed with dry gas, prior to passing 
into a temperature controlled system, at a total volumetric flow capacity controlled at around 
200 sccm.  The DVS microbalance is enclosed in a temperature controlled incubator, which is 
controlled via CAL 3300 auto-tune temperature controller.  Temperature and humidity probes are 
inserted at both sample and reference chambers to measure and record the readings at all times 
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(the smallest time interval –data measuring at every one second and data recording at every two 
seconds). 
 
Figure 6-17 : Schematic diagram of DVS system. 
 
The freeze-dried samples were dried at 0 % RH using 200 sccm of air flow at 25 °C for 2880 
minutes, before being exposed to 60 % RH at 25 °C representing ambient lab conditions.  
 Lysozyme assay  6.7
 
The rate of lysis of Micrococcus lysodeikticus was determined as suggested by Shugar 
(Shugar 1952).  One unit equates to a decrease in turbidity of 0.001 per minute, at 450 nm in pH 7.0 
and 25 °C, under the specified conditions. 
Lyophilised, Micrococcus lysodeikticus cells, 9mg (Sigma Aldrich, Dorset, UK) were 
suspended in 25 ml of 0.1 M phosphate buffer, pH 7.0 and diluted to a volume of 30 ml with the 
same buffer.  The FD samples in the vial were dissolved such that lysozyme concentration was at 
1 mg/ml in purified, deionised water. Prior to assay, the enzyme solution was diluted such that the 
lysozyme concentration was 300 units per millilitre with purified, deionised water.  The suspension 
of Micrococcus lysodeikticus, 2.9 ml was pipetted into quartz cuvettes and incubated for 5 minutes 
to equilibrate the temperature to 25 °C and establish a blank.  The lysozyme solution, 100 µl was 
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added to the cuvette and mixed thoroughly. The change in absorbance per minute at 450 nm was 
recorded at 25 °C from the initial linear portion of the curve.  
The lysozyme content in units/min was calculated using the following Equation 54; 
mixturereactioninlysozymemg
A
mg
units
Lysozyme
1000
min
450



     (54) 
 
 Apparent density of Freeze-Dried cakes 6.8
 
The apparent density (ρapp) of the cellular freeze-dried cakes were determined by the mass 
divided by the volume occupied by the cake e.g. 2 mls of 5 % w/w solution freeze-dried yields 100 mg 
of mass. The volume occupied is a cylindrical cake with approximately 6.0 to 8.0 mm height and 
9.8 mm radius.   
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CHAPTER 7 MECHANICS OF FREEZE DRIED 
EXCIPIENT CAKES 
 
 Moisture interaction with FD cakes 7.1
 
 Introduction 7.1.1
 
Freeze-dried cakes are usually very hygroscopic and will therefore, absorb moisture that is 
present in the atmosphere.  Water is a known plasticiser for amorphous pharmaceutical excipients 
and plasticisers are known to reduce the yield stress of materials and their Young’s modulus 
(Swallowe 1999).  Failure in brittle materials can be caused to occur at much lower applied stresses if 
a specimen undergoes chemical degradation or plasticisation.  In addition to causing chemical 
degradation and plasticisation, water can also induce internal stresses within the structure of 
amorphous cakes.  Water can interact chemically with the molecules of the specimen under test and 
cause dissolution or leaching of water soluble molecules or hydrolysis of bonds.  Water is considered 
a plasticiser with low molecular weight, where it can work as an internal lubricant by decreasing the 
energy barriers between specimen molecules.  Water molecules can also break the hydrogen bonds, 
which causes a decrease in the glass transition temperature hence softening of sample under test 
therefore, fail at lower applied stresses (Friedrich 1989).  The viscosity theory relates the free 
volume to the reduction in viscosity hence reduction in modulus (Swallowe 1999). 
Even though the mechanical testing is carried out immediately on opening the vial, the 
amount of moisture gain by freeze-dried products was examined to ensure that the specified 
mechanical testing time of ‘within 5 minutes’  did not allow plasticisation of the samples prior to the 
testing.  The extent of moisture gain was determined by drying the freeze-dried cakes under low 
relative humidity (< 10 % RH) compressed air flow at 200 sccm for 2880 minutes at 25 °C.  The partial 
pressure of water was increased to 60 % RH at 25 °C, a condition that represents a laboratory in 
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worst case humid environment.  The weight gain by the cakes was recorded continuously until the 
weight increase levelled off.  This gain in weight was equated to gain in moisture from the 
atmosphere by the FD cakes.  
 Results and Discussion 7.1.2
 
 Rate of moisture gain by excipients and typical formulations 7.1.2.1
 
 
Figure 7-1 : Graph showing rate of moisture gain by freeze-dried cakes of sucrose and trehalose at 60 % RH 
and 25 °C  
 
Although similar sample sizes of freeze-dried excipients were exposed to a 60 % relative 
humidity at 25 °C, a condition to mimic the worst case for the laboratory environments, the kinetics 
of moisture gain varied with different excipients or formulations.  Freeze-dried sucrose has slow 
kinetics for gain in moisture compared to trehalose as shown in Figure 7-1.  Trehalose has previously 
been reported to be capable of stronger interactions with water in solution compared to sucrose 
because of its ability to form a protective shield to protect bioactive structures (Sakurai 2009).  Using 
NMR studies trehalose was found to have a higher coupling strength during interaction with water 
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compared to sucrose. It is believed that such advantage is due the presence of α-α-(1→1)-linked 
glucopyranoside dimer over the glycosidically linked sugars. 
Trehalose forms a stable network of hydrogen bonds based on the formation of long lifetime 
water bridges which decrease the lability of water molecules present (Bordat et al. 2004). The higher 
level adsorption of water on FD trehalose over sucrose could also be due the higher hydration 
number for trehalose, reported as 7 (Gharsallaoui et al. 2008) or 15.3 (Galema and Hoiland 1991) as 
compared to 5.5 (Gharsallaoui et al. 2008) or 13.9 (Galema and Hoiland 1991) for sucrose between 
5-50 % w/w concentrations. Reported hydration numbers relate the specific interaction forces 
observed between the solute and water, with the co-ordination of water molecules orienting 
themselves around each solute molecule.  This behaviour of trehalose is reported to be a factor 
contributing to its ability to stabilise macromolecules.  
 
Figure 7-2: Graph showing rate of moisture gain by FD cake of lysozyme and BSA formulated with sucrose 
and mannitol (6:4 ratio) at 60 % RH and 25 °C  
 
Figure 7-2 shows the difference in moisture adsorption/absorption behaviours of lysozyme 
formulation, BSA formulation and a placebo cakes i.e. there is no macromolecule incorporated in the 
formulation.  The moisture adsorption rate is very similar for lysozyme product and placebo for the 
first 10 minutes, where they absorb approximately 5 % w/w moisture.  The kinetics of moisture 
adsorption /absorption in FD BSA formulation is slightly slower at the beginning up to 30 mins after 
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which time, the 3 samples have reached a similar equilibrium at about 10 % w/w moisture gain. 
Although the combination of the bulking agent (mannitol) and stabilising agent (sucrose) seem to be 
predominant in the overall moisture uptake behaviour, it is the placebo in which a structural change 
seems to occur.  Perhaps water of crystallisation seems to have evolved from the sample indicated 
by the loss in weight, whilst the relative humidity is maintained at 60 %.  Apart from crystallisation, 
other structural alterations that could lead to physical changes may occur e.g. convert from hydrate 
to anhydrate, structural relaxation, swelling or densification (Costantino and Pikal 2004).  The 
mannitol is more susceptible to crystallisation perhaps into smaller crystals as the XRD was not able 
to detect and produce any diffraction data to indicate the presence of crystals.  
 
Figure 7-3: Graph showing rate of moisture gain by freeze-dried cake of lysozyme formulated with sucrose 
and mannitol (2:8, 6:4 and 10:0 ratio) at 60 % RH and 25 °C 
 
Figure 7-3 shows the moisture adsorption/absorption profile for lysozyme formulations with 
the varying ratios of bulking agent (mannitol at 0, 40 and 80 %) to stabilising agent (sucrose at 100, 
60 and 20 %).  Although the lysozyme formulation with 2 sucrose: 8 mannitol combination has slight 
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presence of crystalline components deduced from XRD data, when exposed to 60 % RH at 25 °C, 
evolution of water of crystallization is indicated by sudden loss in weight over time at 60 % RH and is 
observed for both lysozyme formulations with 2 sucrose: 8 mannitol combination as well as 4 
sucrose: 6 mannitol combination.  There is no loss of water of crystallisation as observed in the 
formulation with no mannitol. 
The sucrose rich formulation adsorbs most moisture, approximate 11 % w/w in 60 mins. 
Amorphous materials can absorb/dissolve water into the bulk structure whereas with crystalline 
materials, water molecules are only able to interact on the crystal surface (Zografi 1988).  
Amorphous materials do not have long range molecular order, have presence of high energy sites 
within the bulk structure, have a greater free volume and molecular flexibility which enable access 
to the ‘sites’ for water vapour sorption at the surface and in the bulk creating a disorder within 
amorphous materials, enabling higher levels of water sorption (Costantino and Pikal 2004).  
Hydrophilic amorphous products can absorb/adsorb up to 40 % moisture by weight.  The mannitol 
dominant formulation (blue line in Figure 7-3) is supposedly mostly crystalline and is only able to 
adsorb only 6 % w/w moisture in comparison.  For purely crystalline materials, 0.1-5 % w/w moisture 
gain is typical (Costantino and Pikal 2004), therefore a gain of 6 % moisture indicates that the FD 
product is partially crystalline and had amorphous regions.  
 Conclusions 7.1.3
 
The freeze-dried samples are hygroscopic and need to be kept dry in order to obtain true 
mechanical characteristics of the cakes without significant water sorption and consequential 
plasticisation.  The mechanical testing equipment used here is located in an enclosed chamber to 
reduce the exposure of samples to moisture present in the normal laboratory atmosphere. 
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 Mechanical behaviour of excipients 7.2
 
 Introduction 7.2.1
 
Biopharmaceutical formulations generally contain excipients, to provide chemical or physical 
stability to the freeze-dried cakes, during the lyophilisation process or handling, transportation and 
storage, after it is freeze-dried and before consumption. These excipients are classified as 
stabilisers, bulking agents, buffers, preservatives, surfactants and tonicifiers as discussed in 
Section 2.  The excipients included in the formulations not only fulfil these roles but also contribute 
to adding body or increase the density of the cakes, which as a result improves the overall 
mechanical behaviour of the cakes.  The mechanical behaviour of freeze-dried sucrose and 
trehalose cakes formulated at a range of densities using 1.0, 2.5, 5.0, 20.0, 30.0 and 40.0 % w/w 
solutions were determined (n=10).  In addition, the mechanical behaviour of freeze-dried cakes of 
a biopharmaceutical formulated using lysozyme as a model protein was studied over the same 
range of cake densities. 
 Sucrose 7.2.2
 
 
Figure 7-4: Chemical structure of sucrose 
 
Sucrose is also known as β-D-fructofuranosyl-α-D-glucopyranoside by International Union of 
Pure and Applied Chemistry (IUPAC).  It is a disaccharide in which two monosaccharides; α-glucose 
and β-fructose are joined by a glycosidic linkage, Figure 7-4 i.e. the anomeric centre is always linked 
to the hydroxyl of another sugar.  
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  Crystalline sucrose is known to have a single crystal structure (Bucke 1995). However, 
sucrose solutions when freeze-dried produce amorphous sucrose.  Amorphous materials need not 
necessarily mean that there is absence of order however, the structural order depends on the way 
the glassy material or amorphous solid is prepared. Depending on the method of preparation, 
amorphous sugars can also be considered a super-cooled liquid e.g. quench melt or supersaturated 
solution e.g. freeze-dried samples (Bucke 1995). In dilute solutions, the structure of sucrose 
molecule is not that of hard sphere with two H-bonds. It is highly hydrated, lacks intramolecular H-
bonds and induces a long range order on water molecules in the bulk.  As the concentration is 
increased, the flexibility around the glycosidic bond allows intermolecular bonds to be established at 
intermediate concentrations and two intramolecular bonds at higher concentrations.  Below a 
concentration of 22.3 % w/w, no inter or intra molecular interactions are found (Bucke 1995).  A 
40 %w/w concentration of sucrose in water corresponds to a transition from solvated (sucrose-water 
association) to the associate state (sucrose-sucrose association).   
In freeze-dried sucrose cakes, X-ray diffraction does not necessarily detect total crystallinity. 
Application of radiation with shorter wavelength than x-rays, i.e. electron diffraction, can be more 
sensitive to the detection of crystallinity (Bucke 1995).  Although lyophilised sugar is mainly 
amorphous, the presence of lamellar, non-crystalline zones containing microcrystals have been 
shown by SEM and electron diffraction (Bucke 1995). 
 When sucrose solutions of 1.0, 2.5, 5.0, 20.0, 30.0 and 40.0 %w/w concentrations were 
freeze-dried, the produced cakes had relative densities between 0.008 and 0.302 respectively.  The 
morphology and structure was determined using SEM and the phase morphology was determined by 
DSC.  Mechanical testing was carried out on 10 samples.  
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 Results and Discussion 7.2.2.1
 
7.2.2.1.1 DSC of FD sucrose 
 
 
Figure 7-5: DSC scans of FD sucrose (--FD sucrose from 1 %w/w; -- FD sucrose from 40 % w/w solution) 
 
The freeze-dried sucrose from solutions of 1.0, 2.5, 5.0, 20.0, 30.0 and 40.0 %w/w 
concentrations produced predominantly amorphous sucrose cakes. The DSC scan in Figure 7-5 
shows the crystallisation peaks for sucrose.  SEM images are shown in Figure 7-6. 
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 Morphology and structure of FD cakes by SEM 7.2.2.2
 
(a: 1 % w/w; ρf/ρs 0.008)
 
(b: 2.5 % w/w)
 
(c: 5 % w/w)
 
(d: 20 % w/w) 
 
(e: 30 % w/w)
 
(f: 40 % w/w; ρf/ρs 0.302)
 
  
Figure 7-6 :  SEM images of FD sucrose from solutions with concentrations a) 1.0 % b) 2.5 %
 
 c) 5.0 %
 
d)20.0 %e) 30.0 % and f) 40.0 % 
w
/w  with ρf/ρs between 0.008 and 0.302. 
 
The structure of freeze-dried sucrose cakes resembles that of cork, exhibiting a honey-comb 
like cellular structure, with cell dimensions varying widely over the range of solution concentrations 
hence density of cakes. See Figure 7-6.  The relative density of the cakes increases from 0.008 when 
1.0 % sucrose solution is freeze dried and the density of the cake obtained by freeze-drying 40.0 % 
w/w sucrose solution is 0.302.  At low densities, the cakes exhibited an open-cell structure 
interconnected with mostly struts and some thin walls (Figure 7-6a).  The occurrence of the walls 
increased with increasing relative density to 0.302. Figure 7-6f.  The structure becomes more 
138 
 
continuous and the cells become more ‘closed’ in nature as the concentration is increased until the 
initial open cells gradually transforms to a closed celled structures.  This behaviour was expected, as 
with increasing density, more material is available to form walls as well as struts.  This behaviour of 
freeze-dried products has been observed for other cellular products as well.  Graphene elastomers 
made by freeze-drying to obtain cakes with densities of 5.10, 2.65, 1.10 and 0.56 gcm-3, showed 
blunt hexagonal shapes with complete cells walls at high concentrations and a more open structure 
at lower concentrations (Qiu et al. 2012).  Collagen-glycosaminoglycan scaffolds at densities 
between 0.0076  and 0.0311 gcm-3 fabricated by freeze-drying, also show similar structural output 
(Kanungo and Gibson 2010).  The low density scaffolds, 0.0076 gcm-3, had a more open cell structure 
with mostly struts with some thin walls and as the concentration was increased to 0.0311 gcm-3 the 
cell walls became more continuous. The change in the strut dimensions or the wall thickness is not 
clear.  
The SEM images obtained here were then used to measure the wall thicknesses and the cell 
sizes using image analysis software, where approximately 50 to 100 cells were measured. This 
distribution of the cell sizes and cell walls are presented in Figures 7-7 showing the cell wall thickness 
size distribution for different densities whilst Figure 7-8 shows the average cell diameter size 
distributions.  Note that the data presented here does not include the lower relative densities of 
0.008 and 0.019 cakes as complete cells were rare in these structures. No discrete average values 
are presented as the size distributions with both the cell diameter, and wall thicknesses are so wide, 
that the associated error bars will makes the mean value seem insignificant.  A comparison of the 
continuous data for the cell walls show that as the density of the cakes increases, the wall thickness 
increases distributing the extra available solid making the cell diameters much smaller.  The 
decreasing cell diameters with increasing density allows the solids to be distributed within the  
limited freeze-dried cake height generally dictated by initial freeze-drying solution in the vials, 
before freezing.  
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Figure 7-7 : Graph showing cell wall thickness for FD sucrose with cakes relative densities between 0.038   
(5.0 %
w
/w) and 0.302 (40.0 % 
w
/w solutions). 
 
This behaviour is typical in freeze-dried products, where the solid content is distributed in 
the cell walls causing the walls to thicken. The number of cells increase to occupy a limited volume 
and to accommodate for extra available solids. The final product volume is limited by the volume of 
solution that is being freeze-dried.  Although there is some small expansion in some materials on 
freezing e.g. mannitol or a change in the shape of the cake, where it forms a peak in the centre, or 
rides the vial wall, the cakes generally retain the volume of the original solution thus limiting where 
the solid can be deposited during freeze-drying.  
Freeze-dried chitosan-gelatin made from solution concentrations between 1 and 7 %w/w 
produced cakes with densities between 0.12 to 0.45 gcm-3 show an increase in cell sizes with 
decrease in density (Mao et al. 2003).  The pore sizes of freeze-dried collagen-glycosaminoglycan   
decreased from 365 ± 58 µm when cake density is 0.0076 gcm-3 to smaller pore size  of 268 ± 62 µm 
when the density is increased to 0.0311 gcm-3 (Kanungo and Gibson 2010).  Although the SEM 
images for FD chitosan-gelatin were not shown, the data presented in the graphs are based on SEM 
images and similar to what is observed here.   
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Figure 7-8:  Graph showing cross sectional cell area for FD sucrose cakes from SEM images, cake relative 
densities between 0.038 (5.0 %
w
/w) and 0.302 (40.0 %
w
/w solutions). 
 
The location and priority of distribution of the solid is however is not clearly distinguished 
i.e. whether the cell size reduction predominates to accommodate the increasing solid content or 
the walls becoming thicker to cater for the increasing solid. As the relative density increases, the 
distribution of solid is described by the following relationship Equation 55 as shown in Figure 7-9; 
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 where t is the thickness of the cell walls, D is the diameter of the cells and k55 is 0.95 ± 0.19. It is also 
noted that this relationship statistically, is not strictly an accurate representation, as it is based on a 
wide distribution of thickness and diameters incorporated by t/D in the above relationship.  
 
0
5
10
15
20
25
30
35
40
45
50
p
e
rc
e
n
ta
ge
 o
f 
to
ta
l c
e
lls
 m
e
as
u
re
d
 
Cross sectional area of cells (m2) 
5
20
30
40
141 
 
 
Figure 7-9 : Graph showing the distribution of solids using relative density (ρf/ρs) as a function of t/D where 
k55 is 0.95 ± 0.19 
 
 Mechanical testing results 7.2.2.3
 
  
Figure 7-10: Typical force-displacement curves obtained for FD cakes 
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Typical raw data sets for the uniaxial mechanical indentation compression of freeze-dried 
cakes (n=10), approximately 6 mm in height and 22 mm in diameter compressed using a 10 mm 
diameter punch are shown in Figure 7-10.  The data obtained agrees with the mechanism of a 
crushing failure of glassy brittle foam as described previously (Gibson and Ashby 1999) and as 
previously reported (Devi and Williams 2013).  The compressive stress–strain curves exhibited 
shapes characteristic of cellular solids with two regimes.  Initial regimes corresponding to linear 
elasticity for lower strains followed by a zone of nominally constant stress due to cell 
collapse/crushing for larger strains.  A third and final zone of cake densification at high compressive 
strains was not explored in this study. 
After the material reached the maximum compressive load bearing ability, it initialised a 
progressive fracture, the load exhibited a plateau (on average) just like any other cellular material. 
This plateau region exhibited a series of up-down-up behaviour in stress, which can be explained by 
taking into account the internal structure of the cellular specimen and the progressive nature of the 
fracture. A specimen is confronted by rows of hollow cells.  When the top cell layer (where the load 
is introduced) collapses in a brittle manner (due to the load concentrations caused by poor force 
distribution over the entire load area) the specimen loses strength.  This event is caused by the 
bending failure of vertical cell walls and edges or by the fracture of the vertical element under a 
combined bending and tension moment (Maiti et al. 1984a).  However, this strength is recovered 
when the next layer of cells are compressed.  These cells will also eventually collapse, creating a new 
loss of strength.  These steps continuously repeat until all the cells of the specimen have collapsed.  
The above scenario leads to the series of ‘saw tooth’ responses in stress that are observed as shown 
in Figure 7-10. 
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Table 7-1 : Summary of the relative density, Young’s modulus and crushing stress for freeze-dried sucrose  
Concentration of 
Sucrose  
(%
w/w) 
ρf/ρs Ef 
(kPa) 
σmax 
(kPa) 
Moisture 
content (%
w/w) 
    1.0    0.0080 ± 0.0004 5.6  ± 0.7 5 ± 0.8   0.2 ± 0.17 
2.5     0.019 ± 0.001 39 ± 5   9 ± 1.1   0.3 ± 0.11 
5.0 0.038 ± 0.002 100 ± 22   38 ± 3   0.4 ± 0.12 
20.0 0.151 ± 0.007 420 ± 30   235 ± 11   0.3 ± 0.16 
30.0 0.22 ± 0.01 620 ± 46   400 ± 16   0.9 ± 0.19 
40.0 0.30 ± 0.015 800 ± 55   550 ± 31   1.6 ± 0.21 
 
 
Figure 7-11 :   Graph of maximum stress at failure of freeze dried sucrose cakes using indentation 
compression where k61 is 3800 ± 220 and b61 is 1.48 ± 0.04 
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It has been experimentally established that the Young’s modulus for a cellular solid is 
directly related to the relative density of the solid by the following  Equation 56 (Gibson and Ashby 
1999; Roberts and Garboczi 2001); 
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        (56) 
The values of both C and n depend upon the material under test and more critically the 
morphology and microstructure of the cellular network. n can be found in the range from 1<n<4 and 
most commonly 1.3<n<3.  Ef is the Young’s modulus for the FD cake, Es is the Young’s modulus of the 
solid used for the cakes and ρf/ρs is the relative density. Ashby and Gibson (Gibson and Ashby 1999) 
have pioneered the use of simple recti-linear mechanical models which represent a cellular material 
as a series of connected struts and facets. For compressive loading of such a system, three primary 
modes of elastic deformation are possible: 
   I: Cell edge bending 
   II: Face stretching due to edge bending 
   III: Cell face bending 
 
In these three cases, n has respective values of 2, 1 and 3 whilst Equation 57 below, represents these 
three cases: 
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where c‘s are constants and ϕ is volume fraction.  For example, if the material was a classic open cell 
solid, then the reduced Young’s modulus would simply be given by the first term of Equation 57.  In 
the case of a closed cell material, all terms may make contributions depending to the Young’s 
modulus depending upon the distribution of material between edges and facets; as determined by 
the value of ϕ. 
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Figure 7-12   Graph of Relative Young’s modulus as a function of relative density of freeze dried cakes 
where k58 is 0.0034 ± 0.0001 
 
Figure 7-12 and Table 7-1 summarise the experimental data obtained here for sucrose for 
reduced Young’s modulus as a function of relative density. A line of best fit gave an excellent 
correlation coefficient (R2=0.9986) between reduced Young’s modulus and ρf /ρs across the full 
density range. Based on the classic Gibson and Ashby analysis, a value of n=1 implies that  is 
effectively zero and that the primary mode of load bearing in the cake structures are cell face 
stretching, and that any bending of struts present within the cake, has a negligible contribution to 
compressive loading.  So, even though Figure 7-6a shows only a small number of faces to be present, 
they nevertheless are significant in the overall load bearing behaviour of the final structure assuming 
the Gibson and Ashby analysis.  Despite the apparent success of this simple analysis, the Ashby and 
Gibson model takes no direct account of cell shapes, cell wall cross-sectional shapes, geometrical 
arrangements of the cells, randomness of cell sizes and defects- all of which are real variables for 
cellular materials.  In the case of two dimensional solids, Silva et al(Silva and Gibson 1997) and Chen 
et al (Chen et al. 1998) have both shown that disorder and imperfections can degrade material 
stiffness.    
Ef/Es = k58(ρf/ρs) 
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Roberts and Garboczi (Roberts and Garboczi 2002; Roberts and Garboczi 2001) have 
analysed the performance of a number of cellular solids using theoretical models based on finite 
element analysis, for non-periodic structures with intrinsic randomness, as currently no analytical 
solutions exist for random structured cellular solids. They showed in their 2001 work, the explicit 
effect of randomly deleting faces within a closed cell material. As the material contained more open 
cells, there was a resultant degradation of material stiffness. If 70 % of the faces are deleted, the 
materials behaves as an open cell solid with n=2, whilst for a 20 % face deletion, n decreases to 1.14. 
Though the relationship between n and % face deletion was not reported by the authors, and is 
clearly not linear, for our materials where n=1 it implies that the percentage of deleted faces in our 
sucrose cakes is low, a 1 or 2 percent at best.  Mills and Zhu have considered semi-analytically, a 
lattice of tetrakaidecahedral cells subjected to significant face stretching deformations, and obtained 
n=1.06.  Also,  Renz and Ehrenstein in (Mills 2007) used FEA analysis to consider the deformation of a 
body centred cubic lattice of tetrakaidecahedral cells for PVC and concluded that n=1.  
 For freeze-dried sucrose cakes, the relative Young’s modulus relates to the relative density 
by Equation 58 where k58 is 0.0034 ± 0.0001.  
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A comparison of the models available to describe the mechanical properties of cellular 
structures are summarised in Table 5-1. Experimental equations proposed by Renz and Ehrenstein 
(Mills 2007) for PVC foams and Kraynik et al (Mills 2007) for polystyrene foams also find n=1 (Table 
5-1).  Work by Mills and Zhu also found similar results for some foamed polymers with n=1.06 and 
1.15.  Despois et al (Despois et al. 2006) have determined experimentally, the uniaxial deformation 
of micro-cellular Al sponges, and have compared those results with a range of theoretical analyses 
and some experimental literature data.  A wide range of trends in reduced Young’s modulus and 
reduced stress as a function of reduced density were reported, depending the details of the 
theoretical treatments deployed and the experimental systems studied.  
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For the density region of 0.01 to 0.2 gcm-3, the Hashin and Shtrikman (Hashin and Shtrikman 
1963) upper bound approximation, Gibson and Ashby open cell analysis (Gibson and Ashby 1999), 
Roberts and Garboczi's Voronoi Closed-Cell model (Roberts and Garboczi 2001) and Christensen’s 
Generalized Self-Consistent (Christensen and Lo 1979) model all gave n=1, in agreement with our 
experimental data.  Experimental data sets for metallic foams were of variable quality, such that 
reliable analysis of n values was not practical.  For other cases, values of n varied from 1.3 to 1.9 for 
replicated Al foams and other metallic foams.  
In order to incorporate the geometry in the form of shape and size of the cells and the 
thickness of the cell walls, it can be seen that the models will need to include calculations over a 
wide range of cell sizes and the cell wall thickness.  According to SEM images, the cellular structure 
of the sucrose cakes remained generally homogenous with the increase in relative density from 0.03 
to 0.30.  Below relative density of 0.03, the cakes had a more open and fibrous structure.  Due to its 
brittle nature, the sample preparation for SEM does not enable samples to be kept intact to verify 
the homogeneity at lower relative densities.  The lack of walls is visible however the regularity and 
geometry of the struts in the open celled foam is clearly evident in the small subsections observed 
by SEM, in single images. Although a trend is visible for cell sizes in Figure 7-8 where the 40.0 % w/w 
sucrose produce the smallest cells, with cell sizes distributed between 0 and 940 µm2 compared to 
sucrose with lower concentrations, for example, FD cakes made with 5.0 % w/w sucrose where the 
cell sizes have a wider range, between 1990 µm2 to 8290 µm2.  The FD sucrose cakes made with 
solution concentrations below 5.0 % do not form regular complete cells. Figure 7-6a and b show 
structures in which incomplete walls were connected with struts.  Likewise, the wall thickness 
varied; 40.0 % w/w sucrose had the thickest cell walls compared to for example 5.0 %
w/w sucrose.   
Although, the correlation between the thickest wall for highest relative density and 
decreasing thickness as a function of relative density was pronounced, the distribution of wall 
thickness once again had a wide overlapping thickness ranges (Figure 7-7).  The wide distribution of 
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the geometrical data will require intensive calculations to be incorporated into predictive models if 
strong models were to be deducted.   
 Equation 60 obtained from experimental data, shows that as the relative density of the 
freeze-dried cake increases, either the thickness of the cell walls increase and the diameters of the 
cells decrease or both occur simultaneously. Most models predict a power relationship between t/l 
and relative density, however, a power relationship is not observed for freeze dried sucrose cake. 
The relative density of the freeze-dried cakes can be related to the ratio of the edge thickness (t) to 
the average pore diameter (D) using a polyhedral unit model (Gibson and Ashby 1999).  In the 
literature (Kanungo and Gibson 2009), a tetrakaidecahedral cell/14 sided polyhedron that packs to 
fill space  has been used to model the geometry of the low density, open cells. The edge length of 
unit cell (l) relates to the diameter of the cells (D) assuming a spherical structure by; 
 
lD 78.2            (59) 
 
Therefore, the relationship between t/l and relative density is; 
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 It is known that for cellular materials, the ρf/ρs α (t/l)
1 for closed cells and ρf/ρs α (t/l)
2 for 
open cells (Gibson and Ashby 1999). The power 0.998 in ρf/ρs α (t/l)
 1 implies that the behaviour of 
freeze dried cakes is more consistent with a closed cell structure and indeed is consistent with our 
analysis of the reduced Young’s modulus dependency.   
Though many studies have been reported on the relationship between reduced density and 
reduced Young’s modulus, studies on failure stress of brittle materials as a function of reduced 
density are much less common. The maximum stress at which sucrose cakes fail on indentation 
compression as a function of the relative density of the cake has been determined to be; 
149 
 
61
s
f
61max
b
ρ
ρ
σ 





 k
      (61) 
where σmax is the maximum stress at failure for a particular cake, ρf/ρs is the density of the FD cake 
relative to the density of solid sucrose and k61 is 3800 ± 220 and b61 is 1.48 ± 0.04.  The classic 
analysis by Gibson and Ashby is given by Equation 62: 
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where the n varies from 1.5 for open cells (strut bending), to 1 (face stretching) or 2 (face bending) 
for the closed cell materials based on their simplified analysis. However, most sucrose samples at 
intermediate and higher densities showed no clear visual evidence of simple struts/beams.  
So though the Young’s modulus and failure stress scaling data obtained here agrees well 
with the Gibson and Ashby analyses, they agree with differing limiting case models. For Young’s 
modulus, it is the closed cell model, whilst for failure stress it is the open cell model. The fidelity of 
the experimental data reported give some confidence to the scaling laws deduced here.  At this 
stage it is concluded that the complexity and the importance of the morphology/structure within 
cellular solid is such that simple visual observations of cellular structures may not be sufficient for 
systems which are neither strictly open cell or closed cell solids, such as freeze dried products, for 
predicting their mechanical behaviour.  
Freeze-drying processing conditions can affect the geometry of the cells in the freeze-dried 
cake depending on concentration composition, freezing temperatures, drying temperature, final 
moisture content and the viscosity of the solution as discussed earlier. For example Mills and Zhu 
(Mills and Zhu 1999) showed that the mechanical behaviour of polystyrene foams with similar 
densities but manufactured via differing methods, cannot be predicted using the same model 
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equation. The polystyrene mechanical behaviour was linked to cellular micro-structure and 
morphology. 
For a material consisting of closed cells and open cells, the crushing failure stress 
max
  is: 
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where k and k’ are constants and ϕ is the volume fraction of solid in cell edges, with (1-ϕ) of the 
material being present in the cell faces (Gibson and Ashby 1999).  For a pure open cell material with 
only struts (or wall edges), Equation 64 is appropriate:  
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where k’’ is a constant 
Figure 7-11 shows the experimental relative density of freeze-dried cakes and the maximum 
stress at which the sample failed during normal indentation compression compared with a power 
curve plot of best fit. R2 is >0.995 and the power index is 1.48, indicating that the failure stresses of 
the cake are very close to the predicted value for n of 1.5 for an open cell material, as given by 
Equation 66.  
The linear elasticity of cellular solids under compression is given by Equation 65 which 
defines the reduced Young’s modulus: 
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where c and c’ are constants and  is the volume fraction of solid in cell edges (Gibson and Ashby 
1999).  Figure 7-12 shows the experimental reduced Young’s modulus as a function of relative 
density.  A line of best fit gave an excellent correlation coefficient (R2=0.9986) between reduced 
Young’s modulus and ρf/ρs across the full density range.  
151 
 
 Conclusions 7.2.2.4
 
The cellular structure of FD sucrose cakes made from solutions with concentrations between 1 
and 40% w/w sucrose, produce FD cakes with relative densities between 0.008 to 0.302, where the 
density of the pure solid sucrose is taken to be 1.506 gcm-3. The cakes at lower relative densities 
have open celled structure and as the relative density increases, the walls become more complete as 
shown by the SEM images.  Cakes with relative density of 0.302 have mostly what appears to be 
closed complete cell walls based on 2D SEM images.  The cells sizes decrease and the cells wall/strut 
thickness increases as the relative density increases however, there is a wide statistical distribution 
shown by these measurements. For example the cakes with relative density of 0.008 had the cell 
wall/strut thickness distribution of 2.7 ± 1.1 and the cell size range for cakes with relative density of 
0.038 was between 2890 to 7690 µm2. For dense cakes, ρf/ρs = 0.302, the cell wall thickness 
distribution of 4.2 ± 2.4 µm and the cell size range were below 1390 µm2. An overly simplified 
optimistic relationship to describe this trend is given by ρf/ρs = 0.95 ± 0.19 (t/D).  The Young’s 
modulus of the cakes increased from 5.6 ± 0.7 kPa to 801.8 ± 55 kPa as the relative density was 
increased from 0.008 to 0.302. The relationship of this increase was given by Ef/Es = 0.0034 ± 0.0001 
(ρf/ρs).  The maximum stress at failure for the cakes increased from 5.0± 0.8 kPa to 550 ± 31 kPa as 
the relative density was increased from 0.008 to 0.302.  The relationship for this increase is 
described by σmax =3800 ± 220(ρf/ρs)
1.48±0.04.  The superscripts of 1 and 1.48 for these described 
relationships denote an open celled behaviour of cellular structures as given by Gibson and Ashby 
1999.  
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 Trehalose 7.2.3
 
 
Figure 7-13: Chemical structure of trehalose 
 
Trehalose is a disaccharide consisting of two α-glucose units with the glycosidic linkage 
(Figure 7-13) that is resistant to hydrolysis.  It is a popular lyo-protectant with a high glass transition 
temperature of 117 °C (Sundaramurthi et al. 2010) or between 75 °C to 120 °C (Roe and Labuza 
2005).  The solubility of trehalose however, decreases rapidly with decrease in temperature; 
therefore, the degree of super-saturation during freeze-drying is high.  Trehalose also has a tendency 
to crystallise as a dihydrate during freeze-drying and may therefore, lose the effective interaction 
with the protein molecules to provide stability. This crystallisation behaviour is dependent on the 
thermal history of the amorphous trehalose.  The resistance to crystallisation by dehydration of 
trehalose decreases with method of preparation, in the order of freeze-dried and spray dried 
followed by quenched melt (Surana et al. 2004).  In addition to dihydrate, trehalose can also exist in 
anhydrous polymorphic forms (Jones et al. 2006).  The β-form is the most understood polymorph 
out of the γ form, the α form also known as the K form or form II and the ε form (Furuki et al. 2005). 
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1.0 % w/w trehalose; ρf/ρs = 0.005
 
 
2.5 % w/w trehalose 
 
5.0 % w/w trehalose 
 
20.0 % w/w trehalose 
 
30.0 % w/w trehalose 
 
40.0 % w/w trehalose; ρf/ρs = 0.187 
 
Figure 7-14: SEM images of FD trehalose from solutions with concentrations a) 1.0 % b) 2.5 %
 
 c) 5.0 %
 
d)20.0 
%
 
 e) 30.0 % and 40.0 % 
w
/w  with ρf/ρs between 0.005 and 0.187 
 
Unlike sucrose, the SEM images of trehalose shows (Figure 7-14) that in cakes with lower 
densities (0.005 and 0.012 made from 1.0 % and 2.5 % w/w trehalose solution), complete cell walls 
can be observed.  The cell sizes decrease as the relative density is increased from 0.005 to 0.187 
made from 1.0 %w/w to 40.0 %
w/w trehalose solutions respectively. In comparison to sucrose, the cell 
orientations vary a lot more in trehalose cakes.  The microstructure of the freeze dried trehalose has 
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some resemblance to a honeycomb structure where the hexagonal shapes are visible at lower 
concentrations. The edges become more rounded as the density of the cake increases. Where cell 
edges and  cell walls meet, surface tension forces can cause the liquid -gas menisci interface to curve 
in an arch form called a plateau border (Simone and Gibson 1998c). See Figure 7-15.  
 
Figure 7-15 : Diagram showing the shape of plateau border 
 
This method is perhaps the way in which trehalose interacts with the water molecules 
during ice formation.  Trehalose is known to decrease the surface tension of water by a larger 
degree (Chen et al. 2007) compared to sucrose. It also increases the thermodynamic properties like 
partial molar heat capacity and volume related to the structure of the aqueous solutions.  Stronger 
and more extensive hydrogen bonding between hydroxyl groups of trehalose and water is attributed 
to the larger hydrated volume of trehalose (Jasra and Ahluwalia 1982; Jasra and Ahluwalia 1984).  
This phenomenon of changing ice crystal shape has also been reported for gelatin solutions (Luyet 
and Rapatz 1958).  At 1.0 and 3.0 % solutions, irregular dendritic ice crystals were observed.  As the 
concentration was increased to 20.0 % gelatin, the ice crystals changed shape from rosettes or club 
shaped lobes with more regular 5 to 7 sided geometry. When the concentration was further 
increased to 40.0 % solution, ice crystals formed irregular rosette shapes, smaller more round lobes 
with 4-5 sided or round moieties.  The changes in the shape of the pores with trehalose are perhaps 
related to the interaction strength of trehalose with water.  At lower concentrations, hexagonal cell 
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shapes dominate, which is generally the shape in which water crystallises by itself (Luyet and Rapatz 
1958).   Water molecule has an overall net dipole. It has a V-shape with hydrogen nucleus at the end 
and oxygen nuclei at the bifurcation point. See Figure 7-16. 
 
Figure 7-16 : Schematic diagram showing hydrogen bonding between water molecules 
 
Based on electron density distribution, the water molecule is attracted to four other atoms 
or molecules orientated in four directions around the oxygen atom, and the system behaves as if 
there is a positive charge at the two points of the hydrogen, and negative at the centre. The 
resultant forces are directed towards the four apices of a tetrahedron limited by molecule of water. 
Each water molecule thus is shaped like a tetrahedron in which one of the 2 positively charged 
apices attracts one of the two negatively charged apices of another tetrahedral molecule creating 
hexagonal shapes by hydrogen bonding (Figure 7-17). These hexagonal shapes predominate at lower 
concentrations (Figure 7-17) or when the solute has minimal effect of the ice crystal formation.  
With a large tendency to form hydrogen bond with water molecules, trehalose seems to disrupt this 
structure by changing the surface tension of solution during freezing as the concentration is 
increased to 40.0 % w/w solution.  
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Figure 7-17: Diagram showing hexagonal structure of ice, dashed lines showing H-bonding. From (Pauling 
1935) 
 
 
Figure 7-18:  Graph showing cell wall thickness of FD trehalose cakes from SEM images. Cake relative 
densities between 0.005 and 0.187 (solutions used 1.0 to 40.0 % 
w
/w respectively) 
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Figure 7-19: Graph showing fitted curves for cell diameters of FD trehalose from SEM images, cake relative 
densities between 0.005 and 0.187   (solutions used 1.0-40.0% 
w
/w respectively). The statistical curve fitting 
is detailed in Appendix 5.1 
 
This distribution of the cell sizes and cell walls obtained for FD trehalose cakes are presented 
in Figures 7-18 showing the cell wall thickness size distribution for different densities and Figure 7-19 
showing the average cell diameter size distributions.  Note that unlike FD sucrose cakes, the FD 
trehalose cakes were intact at all densities enabling the measurements of the cell thickness as well 
diameter even at lower densities.  No discrete average values are presented, as the size distributions 
for both the cell diameter and wall thicknesses are so wide that the error bar makes the mean value 
seem insignificant.  A comparison of the continuous data for the cell walls show that, as the density 
of the cakes increase, the wall thickness increases, distributing the extra available solid and making 
the cell diameters much smaller. The decreasing cell diameters with increasing density allows the 
solids to be distributed within the limited freeze-dried cake height, generally dictated by initial 
freeze-drying solution in the vials before freezing.  
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Figure 7-20: Graph showing the distribution of trehalose solids by relative density (ρf/ρs) as a function of t/D 
where k66 is 3.75 ± 0.12 
 
The location and priority of distribution of the solid is not clearly distinguished i.e. whether 
the cell size reduction predominates to accommodate to increasing solid content or the walls 
becoming thicker to cater for the increasing solid just as in FD sucrose. As the relative density 
increases, the distribution of solid is described by, Equation 66 where k66 is 3.75 ± 0.12 (Statistical 
analysis in Appendix 5.2) as shown in Figure 7-20. 
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The t/D seems to increase 3 times faster with relative density compared to sucrose where 
the gradient is 0.95 compared to 3.75, of trehalose relationship, as shown in Equation 55 and 66.  
This 3 times increase in strength is reflected by the increase in relative Young’s modulus with 
respect to increase in relative density. Figure 7-21 shows the experimental data for reduced Young’s 
modulus as a function of relative density for freeze dried trehalose. A line of best fit gave an 
ρf/ρs = k66(t/D)
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excellent correlation coefficient (R2=0.9996) between reduced Young’s modulus and ρf/ρs across the 
full density range where k67 is 0.0107 ± 0.0003 in Equation 67; 


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s
f
s
f
k
E
E
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67
         (67) 
In comparison to freeze dried sucrose behaviour, the relative Young’s modulus response for 
trehalose as a function of increasing relative density is 0.0107 compared to 0.0034 for sucrose.  The 
difference in behaviour of these two commonly used disaccharides could be due to the differences 
in the properties of the material with which these freeze-dried cakes have been made. The Young’s 
modulus of solid amorphous trehalose is greater 1200 MPa compared to solid amorphous sucrose 
780 MPa measured in Section 8.0.  Due to the higher Young’s modulus, trehalose cakes may suffer 
less stress that would cause flaws such as cracks and splits in the brittle cakes allowing the cellular 
structure to retain more elasticity and strength.  The morphology from the SEM image also shows 
that the trehalose cakes show higher heterogeneity and sucrose cake seem more homogeneous. It 
has been previously reported the heterogeneous structures exhibit higher elasticity e.g. cellular Al 
structures called Alcans exhibits higher Young’s modulus compared to its homogenous counterpart 
Alpora (Simone and Gibson 1998a).  This phenomenon is discussed in detail in Section 5.  
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Figure 7-21: Graph showing relative Young’s modulus as a function of relative density of FD trehalose cakes 
where k67 is 0.0107 ± 0.0003 
 
 
Table 7-2 : Summary of the relative density and Young’s modulus for freeze-dried trehalose 
Concentration  of 
Trehalose (%w/w) 
ρf/ρs Ef   
(kPa) 
σmax 
(kPa) 
Moisture 
content  
(%w/w) 
1.0 0.0050 ± 0.0004 3.0  ± 0.7 8 ± 3.0 0.19 ± 0.02 
2.5 0.012 ± 0.001 30 ± 4 22 ± 4.2 0.13 ± 0.02 
5.0 0.023 ± 0.002 83 ± 12 65 ± 6.1 0.16 ± 0.03 
20.0 0.093 ± 0.007 400 ± 30 Outside the 
scope of 
available load 
cell  
0.19 ± 0.04 
30.0 0.140 ± 0.01 620 ± 46 0.31 ± 0.11 
40.0 0.19 ± 0.015 800 ± 55 1.2 ± 0.17 
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Figure 7-22 :   Graph showing maximum stress at failure of freeze dried trehalose cakes using indentation 
compression; k68 is 7700 ± 350 and b68 is 1.46 ± 0.12 
 
The maximum stress at which trehalose cakes fail on compression as a function of the 
relative density of the cake is given by Equation 68 as determined from Figure 7-22; 
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where the σmax is maximum stress at failure for a particular cake, and ρf/ρs is the density of the FD 
cake relative to the density of solid trehalose, k68 is 7700 ± 350 and b68 is 1.46 ± 0.12.  The classic 
Gibson and Ashby analysis is given by Equation 62.  Figure 7-22 and Table 7-2 shows the 
experimental relative density of freeze-dried trehalose cakes and the maximum stress at which the 
samples failed, during normal indentation compression.  The data is compared with a power curve 
plot of best fit. R2 is >0.992 and the power index is 1.3, indicating that the failure stresses of the cake 
are close to the predicted value for n of 1.5 for an open cell material as given by Equation 62.  n=1.3 
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denotes stretching of the faces present as shown in the SEM images as in Figure 7-14. This 
phenomenon is discussed in Section 7.2.2 in detail.  
 Conclusion 7.2.3.1
 
The cellular structure of FD trehalose cakes made from solutions with concentrations between 
1.0 and 40.0 %w/w trehalose produce FD cakes with relative densities between 0.005 to 0.187 
where the density of the pure solid trehalose is taken to be 1.504 gcm-3. The cakes at lower 
trehalose relative densities have more close celled structures compared to sucrose and as the 
trehalose relative density increases, the walls become more complete as shown by the SEM images. 
Cakes with relative density of 0.187 have mostly what appears to be closed complete cell walls 
based on 2D SEM images.  The cell sizes decrease and the cell wall/strut thickness increases as the 
relative density increases, however, there is a wide statistical distribution shown by these 
measurements. For example, the cakes with relative density of 0.008 had the cell wall/strut 
thickness distribution of 1.0 ± 0.5 µm and the cell diameter range between 120 to 330 µm. For dense 
cakes, ρf/ρs = 0.187, the cell wall thickness distribution was 3.4 ± 1.6 µm and the cell diameter 
ranged below 150 µm. An overly simplified optimistic relationship to describe this trend is given by 
ρf/ρs = 3.75± 0.12(t/D).  The Young’s modulus of the cakes increased from 3 ± 0.7 kPa to 800 ± 55 
kPa, as the relative density was increased from 0.005 to 0.187.  The relationship of this increase was 
given by Ef/Es= 0.0107 ± 0.0003 (ρf/ρs). The maximum stress at failure for the cakes increased from 
8.0 ± 3.0 kPa to 65 ± 6.1 kPa, as the relative density was increased from 0.008 to 0.023.  The 
relationship for this increase is described by σmax =7700 ± 350 (ρf/ρs)
1.46±0.12.  The superscripts of 1 
and 1.4 for these described relationships denote an open celled behaviour of cellular structures as 
given by Gibson and Ashby 1999.  
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 Typical biopharmaceutical formulations 7.2.4
 
A typical biopharmaceutical formulation may contain sugars or disaccharides as stabilisers 
and bulking agents to provide mechanical strength to the cake, as well as for aesthetic reasons to 
produce an elegant cake (Jameel and Pikal 2010).  Bulking agents are used with highly potent active 
ingredients where the concentration of active compound is < 3 %w/w of total solid content. 
Surfactants can be used to minimise the formation of both soluble and insoluble aggregates due to 
surface interaction events.   
Excipients are chosen based on their interaction with the active ingredient and effect, on the 
physical and chemical stability of the macromolecules.  The chemical and physical stability entails, 
but are not limited to, solubility, aggregation, thermal stability, conformational stability, structural 
changes, precipitations, hydrolysis, oxidation, deamidation, isomerisation, β elimination and 
disulphide exchange. Excipients may also be chosen based on their tendency to crystallise and cause 
phase separation e.g. mannitol, raffinose, inositol, glycine and polyethylene glycol.  On the other 
hand, sucrose, trehalose, lactose, sorbitol, glycerol, histidine, acetate, citrate, polyvinyl pyrollindone, 
dextran remains mostly amorphous when freeze-dried. There are some excipients however, that 
although they remain amorphous, can still cause phase separation e.g. trehalose (Jameel and Pikal 
2010). 
Other factors that influence the choice of excipients in real formulations, is the choice of the 
target market, e.g. Japan does not accept phenol in their formulations as a preservative (Jameel and 
Pikal 2010). Or excipients may affect the efficiency of the process e.g. cause foaming during mixing 
therefore, may not be suitable.  Generally excipients that are readily available, are cheap, have been 
used before and are accepted by regulatory bodies, are chosen for formulation of real life 
biopharmaceuticals that are made by freeze-drying.  
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The amount of each excipient used in a particular formulation varies depending on the 
active ingredient efficacy properties as tabulated by Kadoya et. al. (Kadoya et al. 2010). A typical 
formulation was represented by using sucrose, mannitol, and lysozyme made in 6mM phosphate 
buffer adapted from (Lewis et al. 2010) with modifications to suit the capability of the freeze-drying 
machine used. Density of cakes obtained was between 0.008 and 0.270 gcm-3.  
1.0 % w/w sucrose: mannitol: lysozyme (0.008gcm
-3)
 
 
2.5 % w/w sucrose: mannitol: lysozyme 
 
5.0 % w/w sucrose: mannitol: lysozyme 
 
20.0 % w/w sucrose: mannitol: lysozyme 
 
30.0 % w/w sucrose: mannitol: lysozyme 
 
40.0 % w/w sucrose: mannitol: lysozyme (0.270gcm
-3
) 
 
Figure 7-23 : SEM images of FD lysozyme cakes from solutions with concentrations a) 1.0 % b) 2.5 %
 
c) 5.0 %
 
d)20.0 %
 
e) 30.0 % and f)40.0 % 
w
/w   
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The FD cakes made from lysozyme, formulated with sucrose and mannitol (2:4:1 ratio) in 
6 mM phosphate buffer, seems to have a very irregular structure with a wide cell size range as well 
as various orientations. See Figure 7-23.  The combination of the excipients does not seem to allow 
homogenous nucleation hence, the ice crystal size and shapes seem to vary, perhaps due to an 
uneven heat distribution during the cooling/freezing step.  Cakes with lower densities, 0.008 and 
0.019 gcm-3, made from 1.0 and 2.5 % w/w solutions, show struts and some walls present and near-
closed cells are visible at higher concentrations. Aforementioned, due to the method of preparation, 
by default these cells need to have holes to allow the sublimed ice to diffuse out of the pores which 
may not be visible on 2 dimensional SEM images.  
 
Figure 7-24: Graph showing cell wall thickness of FD lysozyme formulation from SEM images, cake densities 
between 0.008 to 0.270 g cm
-3
 (solutions used 1.0-40.0 %
w
/w respectively) The statistical Gaussian Non-linear 
regression curve fitting was applied, as shown in Appendix 5.3 
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Figure 7-25 :  Graph showing cell diameter of FD lysozyme formulation of densities between 0.008 to 0.270 g 
cm
-3
 (solutions used 1.0-40.0 % 
w
/w respectively) The statistical Gaussian  Non-linear regression curve fitting 
was applied, as shown in Appendix 5.5 
 
This distribution of the cell sizes and cell walls are presented in Figure 7-24, showing the cell 
wall thickness size distribution for different densities and Figure 7-25, showing the average cell 
diameter size distributions.  Note that unlike FD sucrose cakes, the FD lysozyme based cakes were 
intact at all densities allowing cell size measurements. No discrete average values are presented as 
the size distributions for both the cell diameter and wall thicknesses are so wide that the error bar 
will make the mean values seem insignificant.  A comparison of the continuous data for the cells 
walls show that as the density of the cakes increases, the wall thickness increases distributing the 
extra available solid making the cell diameters much smaller. The decreasing cell diameters with 
increasing density, allows the solids to be distributed within the limited freeze-dried cake height. The 
cake height is generally dictated by initial freeze-drying solution height in the vials before freezing 
and the diameter is restricted by the diameter of the vials.    
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Figure 7-26: Graph showing the distribution of solids in lysozyme based formula, shown by relative density 
(ρf/ρs) as a function of t/D, where k69 is 0.93 ± 0.05 
 
As the relative density increases, the distribution of solid is described by the following 
relationship as shown in Figure 7-26. 
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where k69 is 0.93±0.19. Statistical analysis is detailed in Appendix 5.6. The increase in relative density 
seem to be much slower, 0.93 as a function of t/D compared to sucrose, where the slope is 0.95.  
This difference is also reflected by the change in the cake height, when 2 ml of each solution was 
freeze-dried. The height of the cakes made with solutions of lower concentration 1.0 and 2.5 % w/w 
had 7 mm on average heights, 5.0 % w/w solution gave average cake height of 7.4 mm and 20.0, 30.0 
and 40.0 % w/w solution when freeze-dried left cakes with 7.8 mm average height. The cake height 
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for sucrose and trehalose remained constant at all concentrations of solutions retaining the volume 
of initial solution.  
Table 7-3 :  Summary of relative density and Young’s modulus for freeze-dried lysozyme formulated with 
sucrose and mannitol (2:4:1) in phosphate buffer 
Concentration of 
sucrose:mannitol:lysozyme 
(4:1:2) (%w/w) 
ρf 
 (g cm-3) 
Ef  
(kPa) 
σmax 
(kPa) 
Moisture 
content 
(%w/w) 
         1.0 0.0080  ± 0.0004 31  ± 5.7 5 ± 0.8  0.34 ± 0.05 
2.5 0.019 ± 0.001 135  ± 14  25 ± 1.1  0.33 ± 0.04 
5.0 0.036 ± 0.002 240 ± 33  52 ± 3.5  0.28 ± 0.04 
20.0 0.135 ± 0.007 860 ± 60  310 ± 11  0.36 ± 0.02 
30.0 0.20 ± 0.01 1400 ± 96  550 ± 16  0.47 ± 0.08 
40.0 0.27 ± 0.015 2000 ± 165  850 ± 31  1.7 ± 0.54 
 
Table 7-3 summarises the Young’s modulus, stress at failure and moisture content of 
lysozyme formulated with sucrose and mannitol.   There is no Young’s modulus data available for the 
formulated solid from which the cellular walls are made.  The true density of the amorphous 
lysozyme is theoretically not available. Even though the density of the cakes was measured using He 
pycnometry and determined to be 2.5 gcm-3, the variations in the moisture content of the cakes as 
shown in Table 7-3 is expected to bias the density measurements depending on the moisture 
content.  
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Figure 7-27 : Graph showing maximum stress at failure of freeze dried cakes of lysozyme formulation using 
indentation compression, k70 is 5800 ± 240 and b70 is 1.48 ± 0.03.   
 
The maximum stress at which trehalose cakes fail on compression as a function of the 
relative density of the cake has been determined to be: 
70
70max
b
fk         (70) 
where the σmax is maximum stress at failure for a particular cake,  ρf is the density of the FD cake and 
k70 is 5800 ± 240 and b70 is 1.48 ± 0.03.  The statistical analysis is detailed in Appendix 5.7.     
Figure 7-27 above shows the experimental relative density data of freeze-dried cakes 
formulated with lysozyme and the maximum stress at which the sample failed during normal 
indentation compression compared with a power curve plot of best fit. R2 is >0.997 and the power 
index is 1.48. This value should not change, if relative density is plotted instead of the density only, 
indicating that the failure stresses of the cake are close to the predicted value for n of 1.5 for an 
open cell material as given by Equation 62.  Stretching of the faces present dominates the mode of 
failure as shown in the SEM images.  The prefix k70 is 5800 ± 240 here cannot be compared to similar 
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graphs for sucrose and trehalose as the plot of σmax is not against relative density but, just density 
due to the unavailability of true density for the dry cell wall material solid.  
 
 
Figure 7-28: Graph showing Young’s modulus of freeze dried lysozyme formulations as a function of density, 
k78 is 24.8 ± 0.6.  The statistical analysis is detailed in Appendix 5.8 
 
The Young’s modulus of the solid wall material could not be determined within the scope of 
these experiments. Figure 7-28 shows increase in Young’s modulus with respect to the relative 
density of the cakes with a direct correlation r2=0.995.   
 Conclusions 7.2.4.1
 
The cellular structure of FD cakes made from solutions with concentrations between 1 and 
40 %w/w lysozyme formula, produce FD cakes with densities between 0.008 and 0.270 gcm-3.  The 
cakes at lower densities have more open celled structure compared to trehalose and as the FD cake 
density for biopharmaceutical formulation increases, the walls become more complete as shown by 
the SEM images.  Cakes with density of 0.270 gcm-3 have mostly, what appears to be closed 
complete cell walls based on 2D SEM images.  The orientation of cells in FD biopharmaceutical 
formulation seems to be more randomly distributed compared to pure sucrose and trehalose.  The 
cell sizes decrease and the cells wall/strut thickness increases as the density increases however 
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there is a wide statistical distribution shown by these measurements. For example the cakes with a 
density of 0.008 gcm-3 had the cell wall/strut thickness distribution of 1.2  ± 0.4 µm and the cell 
diameter range between 50 to 120 µm. For dense cakes, ρf =0.270 gcm
-3, the cell wall thickness 
distribution of 4.9 ± 3.1 µm and the cell diameter ranged below 70 µm. An overly simplified 
optimistic relationship to describe this trend is given by ρf/ρs = 0.93±0.05 (t/D).  The Young’s 
modulus of the cakes increased from 30 ± 5.7 kPa to 2018 ± 165 kPa as the density was increased 
from 0.008 to 0.270 gcm-3. The relationship of this increase was given by Ef = 24.8 ± 0.6 (ρf). The 
maximum stress at failure for the cakes increased from 5.0 ± 0.8 kPa to 860 ± 30 kPa as the relative 
density was increased from 0.008 to 0.270 gcm-3.  The relationship for this increase is described by 
σmax =7700 ±350 (ρf/ρs)
1.46±0.12.  The superscripts of 1 and 1.40 for these described relationships, 
denote an open celled behaviour of cellular structures as given by Gibson and Ashby 1999.  
 Conclusions 7.2.5
 
The Young’s modulus and crushing stress of trehalose increases dramatically with increase in 
relative density of the freeze-dried cakes compared to the change in sucrose cakes; the increase in 
t/D with changes in density is also larger for trehalose compared to sucrose. This difference may 
imply a Young’s modulus and crushing stress dependence on the ratio of thickness over diameter of 
the cells. As observed, both the thickness and the cell size have a wide size distribution.   
Even though the concentration of the solutions and the volume dispensed to be freeze-dried 
were kept equal, the apparent density of FD trehalose and sucrose cakes, were different, e.g. 
20 %w/w sucrose solution produced a cake with ρf/ρs of 0.151 compared to 0.093 for trehalose 
solution with same concentration. Sucrose has higher Young’s modulus for these cakes (420 kPa) 
compared to trehalose cakes (400 kPa) for the cakes form 20 %w/w solutions.  This analysis is as per 
Gibson and Ashby predictions, Equation 62, i.e. Young’s modulus is related to density and of the 
cakes. The Young’s modulus for the FD cakes from lysozyme formulation 20 %w/w solution are much 
higher, (860 kPa) in comparison to FD sucrose or trehalose cakes.  The crushing stress, however, for 
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the FD lysozyme formulation is similar to that of FD trehalose and FD sucrose e.g. for cakes made 
from  5 %w/w solutions, the crushing stress for FD sucrose is 38 kPa, FD trehalose is 65 kPa and FD 
lysozyme formulation is 52 kPa.   
Lysozyme formulation has a combination of mannitol and sucrose in the ratio of 1:4. A 
combination of excipients seems to increase the elasticity of the cakes compared to when individual 
components are freeze-dried on their own.  Statistical analysis is detailed in Appendix 5.11. 
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CHAPTER 8 YOUNG’S MODULUS OF AMORPHOUS 
TREHALOSE AND SUCROSE 
 
 Introduction 8.1
 
The mechanical properties of cellular materials have been historically related to the properties 
of the solid materials from which the cells walls and struts are constructed.  The shape and geometry 
of the cells, and specifically the solid distribution in the cell walls, also affect the mechanical 
behaviour of cellular structure of freeze-dried cakes. Freeze-dried biopharmaceutical formulations 
predominantly result in the formation of amorphous materials except when a significant quantity of 
crystallisable solute such as mannitol or glycine is used in the formulation or when annealing is 
applied during the freeze-drying process.   
The elastic moduli for trehalose and sucrose reported in literature are mostly for crystalline, 
not for amorphous morphologies. Not only do the reported values vary widely, they seem to depend 
on the methods used to derive these reported values.  The Young’s modulus for solid state sucrose 
reported in literature  are  5 GPa (Mullarney et al. 2003), 2.2 GPa (Ridgway et al. 1969) and 32.3 GPa 
(Duncan-Hewitt and Weatherly 1989).  The value of 5 GPa was obtained by a pendulum indentation 
device in a dynamic mode on powder compacts made from extra fine sucrose. It was unclear if it is 
amorphous or a crystalline sucrose (Mullarney et al. 2003).  Micro indentation on single sucrose 
crystal measured a Young’s modulus of 32.5 GPa, but method details are not reported (Duncan-
Hewitt and Weatherly 1989). A modified micro-tensile test on 4 defect-free sucrose crystals 
measured the Young’s modulus for crystalline sucrose as 2.2 GPa (Ridgway et al. 1969).  The 
predicted Young’s modulus for crystalline sucrose based on mathematical model using cohesive 
energy density, cleavage planes and inference from hydrogen bonding as considered factors was 
predicted to be 698 MPa in the [010] plane and 987 MPa in the [001] plane (Roberts et al. 1994).    
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The elastic moduli values for FD amorphous sucrose cakes obtained in this study, however, 
cannot be directly correlated to any of the above literature values due to the crystalline nature of 
sucrose used and the methods of testing are not comparable.  Therefore, the Young’s modulus of 
amorphous sucrose and trehalose were directly determined in this work to enable the subsequent 
calculations of cake Young’s modulus for amorphous sucrose and trehalose materials. 
 Methods 8.2
 
The Young’s modulus of amorphous sucrose and trehalose as well as the modulus of rupture 
at zero porosity was determined using the Brazilian indirect tensile test (Akazawa 1943; Carneiro 
1943).  The Brazilian indirect tensile test, also called the diametral test, is useful for estimation of 
strength of materials that deform elastically and are susceptible to brittle fracture. It requires a 
simple geometry for the sample in the form of a disk and the loading condition consists of a flat 
platen loading on opposite sides of the disk.  This diametral test evaluates the tensile strength in the 
direction perpendicular to the direction of compaction. See Figure 8-1.   
 
Figure 8-1: Schematic illustration of Brazilian indirect tensile test 
 
The calculation for diametral compression test is based on the mathematical expression first  
published by Hertz in 1895 (Procopio et al. 2003) to describe the stress-states for elastic disks under 
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compression loading.  The Hertz expressions predict the stress at the centre of the disks and 
thereby, measuring its tensile strength indirectly, along the x-direction where the maximum tensile 
stress  causes the failure of the sample and is given by:  
Dt
P


2

       (71) 
where P is the perpendicular applied force, D is the diameter of the disk and t is the thickness of 
the disk.  
The tensile Young’s modulus of pure amorphous sucrose has not been previously reported 
as the most common fabrication methods result in crystalline or partially crystalline, degraded 
(caramelised) sucrose. However, freeze dried sucrose materials are invariably 100 % amorphous and 
therefore, could form the basis of materials for characterisation.  
Solutions of sucrose (Sigma: S5016-1kg) were spray dried at 120 °C (Procept spray drier, 
Zelzate, Belgium) using 0.4 mm nozzle  to make an amorphous dry powder whose amorphicity was 
confirmed using XRD (see Figure 8-2b). 100 mg of this powder was compressed into a 6 mm 
diameter cylindrical tablet using an automated tablet press (GTP-1, Gamlen Tableting Ltd., 
Nottingham, UK) using loads of between 100-500 kg to fabricate cylindrical powder compacts 
(tablets) with a range of relative densities.  
All compacts were tested using diametrical compressive method/ Brazilian test (Akazawa 
1943; Carneiro 1943) to determine the Young’s modulus and strength at failure over the range of 
porosities using a mechanical test instruments (TA-X2i Texture Analyser,  Stable Micro Systems 
Surrey, UK; EZ50 Lloyds Material Testing , Sussex UK) using 5 kg and 50 kg load cells respectively, at a 
1.3 mm/min crosshead speed).  Figure 8-2a shows failed samples and Figure 8-2c shows the 
representative stress-strain curves and failure point. 
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a)  
  
b) 
c)  
Figure 8-2:a) Image of failed compacts b) XRD diffractogram of spray dried sucrose, c) Graph showing typical 
stress strain curve for compact failure 
 
Sprigg’s equation (Kachrimanis and Malamataris 2004; Dorey et al. 2002; Spriggs 1961) was 
applied to determine the Young’s modulus of sucrose at zero porosity by extrapolation: 
 
   bPEE
os
 loglog       (72) 
   
where Eo is the Young’s modulus at zero porosity, ES is the Young’s modulus at porosity P and b is a 
fitting parameter related to pore geometry.  
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 Density determination 8.2.1
 
The apparent density of compacts was determined by the mass and the volume occupied by 
the cake. The volume occupied is commonly cylindrical cake with 6mm diameter and 2-5mm 
thickness.    
Absolute density (ρabs) of compacted disks was determined using a helium pycnometer 
(AccuPyc 1330, Micromeritics Instrument Corp., Norcross, GA, USA).  Accuracy of the instrument was 
checked using AccuPyc 1330 calibration standard (AccuPyc 1330, Micromeritics) of known volume of 
6.3723 cc (mean value of 6.3718 cc). Before measurements, the compacted disks were purged with 
helium for at least 15 hours to remove any moisture present.  During measurements, the samples 
were purged with dry helium ten times (12 minutes per purge) in the instrument test chamber.  This 
purging was done to effectively remove any residual surface moisture prior to final data collection. 
The reported results are averages of ten consecutive measurements.  Relative density of the 
compact disks was calculated by:  
abs
app
rel


         (73) 
  
where ρrel is the relative density of the compact discs, ρapp is the apparent density of compact discs 
and ρabs is the absolute density of the discs. Porosity,  was calculated by: 
 
rel
  1       (74) 
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 Results and Discussion 8.3
 
 
Figure 8-3 : A graph of the relative density of amorphous sucrose compacts as a function of compression 
force (n=1, average of 10 tablets)  
 
Figure 8-3 shows the relationship between the densities of amorphous sucrose compacts as 
a function of compression force. Extrapolation of the measured true density values of porous 
compacts predicts the true density of sucrose at 0 % porosity to be 1.5162 gcm-3 (Figure 8-3) 
compared to theoretically available 1.506 gcm-3  (Kikuchi et al. 2011), 1.52, 1.43,  1.54, 1.47 gcm-3 
(Imamura et al. 2008). 
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Figure 8-4:  Graph of the relative density of amorphous trehalose compacts as a function of compression 
force (n=1, average of 10 tablets) 
 
Extrapolation of the true density measurements predicts the true density of amorphous 
trehalose at 0 % porosity will be 1.504 gcm-3  (Figure 8-4) compared to theoretically available 1.501, 
1.504, 1.503, 1.41 or 1.54 gcm-3  (Imamura et al. 2008). 
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Figure 8-5: Graph of the Young’s modulus of amorphous trehalose compacts as a function of porosity 
 
 
Figure 8-6: Graph showing the Young’s modulus of amorphous sucrose compacts as a function of porosity 
 
The predicted Young’s modulus for solid amorphous trehalose based on experimental data is 
1200 MPa (Figure 8-5) and that for amorphous sucrose is 780 MPa (Figure 8-6).  
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The Young’s modulus for solid state sucrose available in literature are 5 GPa (Mullarney et al. 
2003), 2.2 GPa (Ridgway et al. 1969) and 32.3 GPa (Duncan-Hewitt and Weatherly 1989).  The 
predicted Young’s modulus for pure trehalose available is 18.5 GPa (Averett et al. 2012) and 5.5 GPa 
(Riggleman and De Pablo 2008) based on molecular dynamic simulations.  The Young’s modulus 
values for both sucrose and trehalose are quite varied, none of which have reported the Young’s 
modulus specifically for the amorphous state.  The Young’s modulus determination for similar 
excipient in literature are mostly based on crystalline materials or the nature of the material is not 
indicated therefore, it is difficult to compare  
None of the above reported values are similar to what was determined in this study where 
Young’s modulus for amorphous trehalose is 1200 MPa and Young’s modulus for amorphous sucrose 
is 780 MPa.  However, a similar value for aspirin, which is a pharmaceutical related compound, has 
been reported previously.  The reported Young’s modulus for amorphous aspirin was 0.1 GPa (Storey 
and Ymén 2011) compared to 9.07 GPa for crystalline Aspirin (Storey and Ymén 2011). The elastic 
moduli for amorphous lactose compacts were measured to be 28 MPa, 86 MPa or 210 MPa 
depending on the number of loading on the compacts (Perkins et al. 2007).  The Young’s modulus of 
lactose was also reported to be 2.99 GPa, although the author does not clarify the phase of the 
material compacted for testing (Podczeck 2001).  The compacts of partially amorphous lactose had a 
reported Young’s modulus of 3.0 GPa at 20 % porosity (Busignies et al. 2004). 
The values of Young’s modulus for both sugars obtained in this study are more relevant than 
any of those previously reported for use as the modulus of rupture of the cell wall materials in 
freeze-dried cakes of sucrose and trehalose.    
The difference in strength of solid amorphous trehalose and sucrose contributes to the 
mechanical behaviour of foams or cellular structures created using these solids.  As per Equation 37, 
the Young’s modulus of cellular structures, relative to the Young’s modulus of the manufacturing 
solid is directly proportional to relative density of the cellular form to solid form. 
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 Conclusions 8.4
 
The method for the determination of the Young’s modulus by tensile testing of amorphous 
sucrose and trehalose is a technique widely used for similar applications for other pharmaceutical 
relevant compounds e.g. lactose and other excipients related to tablet making. Due to better 
physical stability of crystalline pharmaceutical excipients compared to amorphous forms, most of 
the literature reported is for crystalline forms.  The Young’s modulus for sucrose and trehalose 
obtained show that amorphous trehalose has a Young’s modulus which is 50 % higher than for 
amorphous sucrose.  The true density of the amorphous sucrose and trehalose reported here are 
similar to what has previously been reported in literature and comparisons have been made 
accordingly. 
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CHAPTER 9 EFFECTS OF PROCESS CONDITIONS ON 
THE MECHANICS OF FD TREHALOSE, SUCROSE AND 
MANNITOL CAKES 
 
 Introduction 9.1
 
The physicochemical characteristics of freeze-dried cakes depend on the lyophilisation 
process conditions, as well as the composition of the solution from which the cakes are made.  
Amongst the various process conditions, the initial freezing step plays a major role in determining 
the internal structure of the cakes.  The parameters that can be controlled during the freezing step 
are, the cooling rate of the vials and the freezing temperature, via the shelf temperature which may 
in turn affect the nucleation temperature as well.  A faster cooling rate will produce smaller ice 
crystals because there is not enough time for Ostwald ripening to occur or to enlarge the size of the 
crystal. Smaller ice crystals create smaller pore cavities in the cakes.  
In contrast, slow cooling allows the enlargement of ice crystals via Ostwald ripening which 
create larger pore cavities in the final cake structure. The freezing temperature is known to have a 
similar effect on the size of ice crystals hence the size of pores created.  A lower freezing 
temperature e.g. -80 °C creates smaller pores and higher temperature (-20 °C) creates larger pores  
(Harnkarnsujarit et al. 2012).  Spontaneous nucleation causes a larger variability in cake properties 
between vials as ice nucleation and crystallisation are stochastic processes, therefore ice formation 
is not uniform and hence irregular distribution of pore sizes are created.  Controlled nucleation in 
contrast produces ice crystals with more uniform sizes and therefore, the pores created have narrow 
size distributions. 
In this study, the effects of the above mentioned freezing conditions were studied using 
sucrose and BSA based formulations.  The mechanical properties of FD sucrose cakes frozen at -50 °C 
and -40 °C were compared with FD cakes of sucrose cakes made with controlled nucleation and 
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spontaneous nucleation. The mechanical properties of FD BSA formulations fast cooled at 0.9 °C and 
slow cooled at 0.09 °C were compared as well to determine the effect of these processing conditions 
on the mechanical behaviour of FD cakes.   
All cake structures were examined using SEM and the Young’s modulus and crushing strength 
were determined from the mechanical behaviour of the cakes. 
 Reproducibility of samples between FD cycles 9.2
 
 Introduction 9.2.1
 
The novel mechanical test method deployed here is suitable for studying fragile structures and 
is sensitive to flaws present in brittle materials like freeze-dried cakes.  Inter-vial heterogeneity is 
inherent within a batch of vials produced in a freeze-drying cycle due to non-uniform heat 
distribution within the freeze drier chambers. There are three major heat transfer contributions to 
the vials cooling within a freeze drier. They are from conduction via vial contact with the 
temperature controlled shelves, convective heat transfer between the shelves and the radiative heat 
entering the chamber from outside mostly through the doors.  The shelf temperature is the only 
heat input that can be accurately controlled by the user.  The convective and radiative heating are 
distributed unevenly in the chamber during the freeze-drying cycles and is un-controllable not only 
within a freeze-drier but cannot be reproduced between freeze-driers.  This shortcoming of the 
freeze-drying process is widely discussed in the freeze-drying community (Brulls and Rasmuson 
2002; Rambhatla and Pikal 2003; Rambhatla et al. 2006; Rambhatla et al. 2004; Costantino and Pikal 
2004; Pikal et al. 1984; Pikal 1985).  Due to these uneven energy distributions within a chamber, the 
freezing behaviour within vials is not expected to be uniform between and within vials which will in 
turn causes variations in the structure of the ice formed i.e. the size and distributions of ice crystals. 
Throughout this research project this behaviour has been observed in the SEM images of the cakes, 
and therefore, the mechanical behaviour of the cakes are expected to vary accordingly.  
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FD cakes, which are brittle in nature, may also contain flaws such as cracks, holes and phase 
separations due to processing conditions or handling.  Each of these flaws could affect the Young’s 
modulus and crushing strength of the cakes. For calculations of Young’s modulus and crushing 
strength, it is assumed that all the cell walls or struts are intact and completely ‘perfect’.  Presence 
of such flaws does influence the Young’s modulus and maximum stress required for failure of cellular 
structures.  This Chapter is focussed on how wide these variations are, and if they are reproducible 
for the same FD cycle on different days run for the same freeze-dryer system.  Also discussed here, is 
the behaviour of 3 different excipients (trehalose, sucrose and mannitol) under such processing 
conditions.   
 Results and Discussion 9.2.2
 
The SEM images were obtained for FD cakes of trehalose sucrose and mannitol, freeze-dried 
as per freeze-drying cycle outlined in Table 6-5. 
   
a) Mannitol b) Sucrose c) Trehalose 
Figure 9-1 : SEM images of FD mannitol, sucrose and trehalose from 5 %w/w solutions 
 
The SEM images in Figure 9-1 shows freeze-dried cake morphologies of trehalose, sucrose 
and mannitol to be very similar.  The cell shapes were similar, the size and wall thickness were 
similar as shown in Table 9-1.  Freeze-dried cakes of mannitol, sucrose and trehalose generally 
produced hexagonal honey-comb shaped cells of various sizes.  The freeze-dried cake cells produced 
here are predominantly closed with the presence of outlet passageways through which water 
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vapour needs to escape during primary drying.  Cell dimensions are reported in Table 9-1 as 
estimated from the SEM images.  All of the materials had, within the range of experimental errors 
observed, cells that were 120 μm x 60 μm x 60 μm.  That is, simply changing the excipient with all 
other conditions unchanged does not seem to impact on either cell size or cell wall thicknesses for 
the processing conditions used here. Based on the identical solute concentrations and same 
processing conditions, this observation is perhaps not surprising and indeed rather reassuring.  
A slightly more interesting observation is the fact that since the cellular structures are the 
negative image of the ice crystal domains that form during the freezing stage of the process, changes 
in the excipient alone as shown here, do not appear to effect the size of the ice domains that form 
when the nucleation temperature is kept constant.  This observation is even more significant as in 
this study, sucrose and trehalose form amorphous solid structures whilst mannitol forms a 
crystalline phase. It is thus concluded that neither excipient choice nor the morphology of the final 
solid state play a key role in determining final pore shape or structure, when all other conditions are 
the same.  Therefore, for a specifically defined pore structure, cake mechanical performance will be 
predominantly defined by the mechanical properties of the solute in its solid state form which forms 
the structural elements of the cakes. 
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Figure 9-2 : Stress-strain curves of freeze-dried trehalose, sucrose and mannitol 
 
  The stress-strain curves for FD trehalose, sucrose and mannitol cakes are shown in Figure 9-
2, which is taken from 3 different freeze drier runs. Note that the global strain here is a measure of 
strain on all the struts and walls collectively and calculated as per Chapter 6, Equation 46. Ten 
samples from each run were tested where mannitol has the lowest crushing strengths of 12 kPa, 
sucrose and trehalose both exhibited significantly higher crushing strengths, however still relatively 
low confirming formally the anecdotally known fact that many biopharmaceutical freeze dried cakes 
are mechanically very fragile. The mechanical behaviour of FD mannitol compared to FD sucrose 
compared to FD trehalose is significantly different at 95% confidence internal as detailed in 
Appendix 5-13.    
Estimation of the compressive apparent Young’s modulus for small strains in the cakes are 
summarised in Table 9-1 and show a very low value of 25 kPa for the mannitol samples, whereas the 
sucrose and trehalose cakes had moduli which were at least 5 times larger.  It is known that 
crystalline materials have lower Young’s modulus and strength  than amorphous or semi crystalline 
compounds as previously reported for a range of pharmaceutical excipients (Hancock et al. 2002) 
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and so it is perhaps the case for freeze dried mannitol. Figure 9-3 shows crystal like structures in the 
SEM images for mannitol which were confirmed to be crystalline under polarised light microscopy 
(Figure 9-4).  
 
Figure 9-3: SEM images of FD mannitol cakes showing crystalline portions 
 
 
Figure 9-4: Image of FD mannitol under polarised light microscopy 
 
Plasticisers such as water can reduce the mechanical strength of amorphous materials (Peleg 
1994; Teixeira et al. 2007).  In this study, even though sucrose retains the most moisture (1.9 %w/w) 
compared to 0.7 % for FD trehalose and 0.1 % by FD mannitol (Table 9-1), the sucrose cakes had a 
higher apparent Young’s modulus. 
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 Table 9-1 : The properties of trehalose, sucrose and mannitol cakes 
Properties Sucrose Mannitol Trehalose 
fdensity of FD cake g cm
-3) 
Measured 
0.059 
±0.002 
0.050 
±0.001 
0.054 
±0.001 
S (density of solid g cm
-3) 
Measured (*literature) 
1.48 1.52* 1.48 
h (height of cell µm) 
Measured 
130 ± 33 120 ± 35 110 ± 25 
l (length of face µm) 
Measured 
70 ± 38 90 ± 40 50 ± 22 
Moisture content (%w/w) 
Measured 
1.8  ± 0.4 0.1 ± 0.1 0.8 ± 0.2 
2.1 ± 0.1 NA 0.5 ± 0.1 
1.9 ± 0.1 NA 0.7 ± 0.1 
t (thickness of face, µm) 
Predicted 
1.4 ± 0.3 1.6 ± 0.3 1.1 ± 0.3 
Ef (Apparent Young’s modulus, kPa) 
Measured 
150 ± 18 25 ± 1 210 ± 12 
max (crushing  stress kPa) 
Measured 
25 ± 4 11 ± 1 31 ± 2 


s (modulus of rupture, MPa) 
Predicted 
20 ± 3 13 ± 0.1 24 ± 2 
 
Figures 9-5 (sucrose) and 9-6 (trehalose) show that this behaviour for different excipients is 
reproducible between freeze-drying cycle run at different times within the same freeze-drier despite 
the potentially wide variations within each processing cycle.  Within the experimental errors of the 
processes and methods reported here, the results clearly indicate the wide variability indicated by 
the large statistical error bars for most measured characteristics e.g. cell height and length noted in 
Table 9-1 within cycles, are however reasonably reproducible between cycles.  The Young’s modulus 
and the crushing stress in each case are statistically similar for the 3 sucrose and 3 trehalose freeze-
drying cycles as shown in Figures 9-5 and 9-6.  This analysis was confirmed using Student t-test and 1 
way ANOVA with 95 % confidence to compare cycle 1 data at each reported strain to respective 
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points in cycle 2 and 3. Statistical analysis is detailed in Appendix 5.9. Likewise, data from cycle 2 was 
compared to cycle 3.  
 
Figure 9-5 : Stress-strain curves for FD sucrose using the same freeze-drying cycle repeated 3 times. n=10 for 
each cycle. Statistical analysis is detailed in Appendix 5.9 
 
 
Figure 9-6: Stress-strain curves for FD trehalose from the same freeze-drying cycle repeated 3 times, n=10 
for each cycle. Typical statistical analysis is detailed in Appendix 5.9 
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 Conclusions 9.2.3
 
Freeze-driers have uneven distribution of heat inside the chamber.  This variation is due to 
the complex heat transfer process occurring within the freeze drier chamber.  The shelf temperature 
is controlled by a cooling liquid which flows inside the shelves.  There is radiative heat input through 
the Perspex doors and there is convective heat transfer within the chamber, the distribution of 
which depends on the inter shelf distance.  The convective and radiative heat inputs cannot be 
directly controlled and these effects vary within the chamber during runs and on different days 
depending on the external conditions outside the freeze-drier.  
The results in this section show that, although there is inter-vial and inter-cycle variability 
expected; the mechanical behaviour of the FD cakes from different cycles are similar and are within 
the inter-vial variability observed. It is also shown that this reproducibility is explicitly clear for 
trehalose and sucrose even though their mechanical behaviour is very similar. It is also shown that 
the mechanical behaviour of three excipients investigated, sucrose, trehalose and mannitol can be 
differentiated from their stress-strain profiles.  Mannitol seems to have crystallised during freeze-
drying and therefore, has lowest strength due to slippage of crystals along the planes as discussed. 
The differences in the mechanical behaviour of the FD cakes of sucrose and trehalose seems to be 
directly related to the Young’s modulus differences between the amorphous trehalose and sucrose 
solid as discussed in Chapter 8. 
Within the experimental errors of the process and method, the results clearly indicate a 
wide variability within cycles however, reasonably reproducible between cycles. 
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 Effect of moisture 9.3
 
 Introduction 9.3.1
 
The rapid freezing in lyophilisation favours the formation of amorphous solute if annealing is 
not included in the process.  Freeze-drying produces amorphous cakes generally with a few 
exceptions like mannitol and glycine (Akers et al. 1995; Pyne et al. 2002; Pyne et al. 2003). FD 
formulations with stabilisers like sucrose and trehalose mostly form amorphous cakes (Souillac et al. 
2002).  Unlike crystalline solids, an amorphous solid may have only a short-range molecular order, 
and it has no long-range order like in the crystalline state.  Since the molecules or clusters of 
molecules are randomly arranged, they occupy a larger volume compared to that of the crystalline 
state having the same chemical composition.  The excess volume (the so-called free volume) that is 
available for rotational and translational molecular motions can be considered as micro-voids inside 
the domain which allows water molecules to enter and dissolve.   
The moisture sorption profiles of amorphous compounds are therefore, markedly different 
from crystalline materials as discussed by Hancock and Zografi (Hancock and Zografi 1997).  
Amorphous FD cakes of hydrophilic materials such as sugars have the tendency to absorb large 
amount of water molecules. This behavior is due to the fact that water molecules are absorbed into 
the bulk structure of amorphous materials, rather than being restricted on the surface of individual 
particles as in the case of crystalline solids. This water absorption is the cause of the marked changes 
in the physicochemical properties and mechanical properties of amorphous sugars (Szakonyi and 
Zelko 2012). 
Molecules such as sucrose and trehalose readily form hydrogen bonds within themselves, or 
with other molecules in the vicinity, that is susceptible to hydrogen bonding e.g. protein molecules 
and water molecules.  FD cakes are porous hence water molecules can diffuse and get trapped in the 
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tortuous network if the cakes are exposed to atmospheric moisture.  As the cakes are very dry, 
< 2 %w/w moisture for this study, atmospheric water molecules are attracted to sites of low water 
concentration to reach equilibrium.  
The interaction of water with amorphous solids lowers the glass transition temperature due to 
waters plasticizing effect of water. The underlying molecular mechanisms may involve the binding of 
water molecules to the polar groups of the sugars, which in turn weaken the attracting forces, 
between the solute molecules consequently increasing the free volume present.    
These water sorption behavior effects were investigated by allowing the FD cakes to gain 
moisture simply through exposure to humid laboratory air, with the vial mass being monitored at 
regular time intervals. The mechanical properties of these cakes were then assessed using the 
normal compressive indentation experiment.  
 Results and Discussion 9.3.2
 
 
Figure 9-7 : Graph showing the effect of moisture content (inferred from exposure time, plotted in Figure 9-
8) on the Young’s modulus and maximum strength of cakes exposed to ambient conditions over time 
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Figure 9-8 : Graph of Young’s modulus and moisture content as a function of cake exposure time 
  
Figure 9-8 shows the relationship between the cake exposure time span to the atmosphere, 
by opening the vial and the gain in moisture content which decreases the Young’s modulus of the FD 
cakes.  
Water plasticises the cakes and hence reduces the stiffness of the cake.  A direct inverse 
relationship between the moisture and Young’s modulus can be observed as shown in Figure 9-7 and 
9-8.  As the moisture content increases, the Young’s modulus and the maximum crushing strength 
seems to diminish.  A gain in moisture equal to 3.5 %w/w of the cake takes 15 minutes.  This gain in 
moisture reduces the Young’s modulus 2.4 times and the maximum failure strength at 0.085 % strain 
by 1.6 times. 
It is, therefore, important that the mechanical test is carried out in either controlled 
environment as soon as possible after the vacuum is released from the sealed vials, or very quickly, 
within 5 minutes.  
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  Conclusions 9.3.3
 
The Young’s modulus decreases with increase in moisture content for amorphous FD cakes and 
therefore, it is important that the mechanical test is carried out in either controlled environment as 
soon as possible after the vacuum is released from the sealed vials, and ideally within 5 minutes of 
vial opening.  
 Cooling/Freezing rate 9.4
 
 Introduction 9.4.1
 
Cooling rate refers to the rate at which the solution is cooled and the freezing rate is the rate 
of crystal growth after ice has nucleated. During freeze-drying, the most common method of cooling 
the samples is ramp cooling, where the samples are placed on the freeze-drier shelves before the 
temperature of the shelf is ramp at a desired rate to a set temperature (Rey and May 2010).  There 
are other methods of cooling e.g. placing vials on precooled shelves, quench cooling in liquid 
nitrogen as mentioned in Section 2.  
The cooling rate, hence freezing rate, affects the morphological structure and pore size 
which in turn affects the drying rate.  Faster cooling rates do not allow Ostwald ripening of ice 
crystals and therefore, smaller crystals are formed which create smaller pore cavities (Costantino 
and Pikal 2004).  In contrast, slower cooling produces larger ice crystals, hence larger pores.  Smaller 
pore increase the path length for the water vapour to escape during primary drying causing higher 
product resistance to vapour flow, thus slowing down the primary drying rate.  For example, when 
20% dextran solution is frozen ‘fast’ the pores are smaller giving higher resistance to flow and slower 
drying rates.  Faster cooling rates also give the cakes a higher surface area, compared to slower 
cooling.  Increase in surface area enables faster secondary drying.  For example, the surface area of 
polystyrene, starch and silica gel were higher when cooling rates were higher during solidification 
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stage (Rey and May 2010).  Faster cooling and freezing rates also affect the type of ice crystals that 
form in solution.  For example, Dawson and Hockley (Dawson and Hockley 1992) showed that a fine 
filamentous directional network was created when 1 %w/v trehalose solution was frozen fast by 
liquid nitrogen and a leafy mixed orientation structure was observed when the vials were cooled 
slowly by placing on shelves precooled to -50 °C.  
Here, the effect of cooling rates was examined using BSA formulated with sucrose and 
mannitol (2:2:3 ratio) in phosphate buffer. The solutions were cooled at 0.09 °C and 0.9 °C. The 
structures were examined using SEM.  Moisture content was determined using KF and the Young’s 
modulus and crushing strength was determined by indentation mechanical testing. 
 Results and discussion 9.4.2
 
  
BSA formulated with sucrose and mannitol 
(2:2:3) in phosphate buffer, Cooling/freezing rate 
: 0.09 °C/min 
BSA formulated with sucrose and mannitol 
(2:2:3) in phosphate buffer, Cooling/freezing rate 
: 0.90 °C/min 
Figure 9-9 : SEM images of BSA formulated with sucrose and mannitol (ratio 2:2:3) in phosphate buffer 
cooled at 0.09 and 0.90°C/min 
The SEM images in Figure 9-9 demonstrate that when a number of compounds are mixed 
together, the cellular structure is heterogeneous and anisotropic. Although there is no specific 
description available to describe such a large extent of heterogeneity for mechanical behaviour of 
such cellular nature, the stress-strain profile is never the less reproducible within experimental 
errors as shown in Figure 9-10.  The pore sizes created in the cakes made with faster (0.90 °C/min) 
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cooling/freezing rate are smaller than that formed with 0.09 °C/min cooling/freezing rate. The 
nucleation temperature was within ± 1 °C of each other for both freezing rates.  
Table 9-2 : Summary of FD cake characteristics made using fast and slow cooling rates. 
BSA formulation 
(BSA: Sucrose:mannitol; 2:2:3) 
Cooling rate 
0.09° C/min 
Cooling rate 
0.90° C/min 
Crushing stress, σmax  (kPa) 60 ± 11 60 ± 10 
Young’s modulus, Ef (kPa) 250 ± 26 300 ± 19 
Density ρf, gcm
-3 0.027 ± 0.01 0.027 ± 0.01 
Cell length, l 130 ± 26 90 ± 21 
Wall thickness, t 12 ± 8 12 ± 9 
 
The differences in cell sizes due to different cooling rates are a widely discussed 
phenomenon in the freeze-drying field (Kennedy and Turan 1999; Franks 1998; Wang 2000; 
Costantino and Pikal 2004). However, this effect has never been related to the mechanical behaviour 
or fragility of the cake.  Equations 21-24 have been reported in literature to explain the effect of cell 
size thickness, t and length l on the Young’s modulus of cellular structures depending on the cell 
shapes. Although the cells are generally hexagonal in shape, Figure 9-9, a wide variety of 
modifications can be seen in the shapes of the cells in 2D SEM images. There is also a wide 
distribution in the wall thicknesses and the cells sizes, Table 9-2.  
The mechanical behaviour therefore, cannot be predicted based on cell shapes and sizes due 
to this heterogeneity in cell shapes and sizes. Figure 9-10 shows however, that the method 
developed in this project can discriminate between two cooling rates, typical of what is used in 
industrial applications. The difference is statistically significant at 95% confidence interval as detailed 
in Appendix 5-12.  The density of the cakes obtained with 2 freezing rates was same at 0.027 gcm-3 
with cake heights of 7 cm from 2 ml of solution freeze-dried. The Young’s modulus however, was 
higher, 300 kPa for faster freezing (0.9 °C/min) compared to 250 kPa for slower freezing rate 
(0.09 °C/min). Smaller pores with faster freezing provided more available walls and struts for 
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support and thus cake elasticity. Although larger pores do have wall ands struts, they are larger in 
size but smaller in numbers providing less support.  The crushing stress for both is similar at 60 kPa 
within 1 standard deviation.  
 
Figure 9-10 :  Stress –strain curves for FD BSA formulated with sucrose and mannitol (2:2:3 ratio) in 
phosphate buffer with 2 cooling/freezing rates 
 
 Conclusions 9.4.3
 
The cooling rate affects the cell sizes and cell wall thicknesses.  For BSA formulations, for 
example, smaller cells were produced 250 ± 90 µm at 0.9 °C/min cooling rate compared to 300 
± 115 µm at 0.09 °C/min cooling rate. The walls were the same with fast and slow cooling at 12 µm.     
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 Freezing temperature  9.5
 Introduction 9.5.1
 
Freezing temperature has been previously reported to affect the pore size (Harnkarnsujarit 
et al. 2012). The lower freezing temperature, -80 °C created the smallest pores and -20 °C produced 
the largest pores in freeze-dried maltodextrin and sugar matrixes. The freezing temperature and 
primary drying temperature used in industry varies between -30 to -60 °C (Franks 1998; Chang and 
Patro 2004; Franks and Aufrett 2007; Pikal 2006; Nail et al. 2002; Mellor 1978; Jennings 2008; 
Costantino and Pikal 2004). 
 
Figure 9-11: Schematic example description of ice nucleation at different product temperatures. From 
(Geidobler and Winter 2014) 
  
Figure 9-11 demonstrates the effect of different freezing temperatures on the ice nucleation 
and growth.  At -5 °C, fewer, but larger ice crystals are generated which grow to form larger crystals. 
A small fraction of ice is instantly formed.  At -15 °C, many small ice crystals are formed and a larger 
fraction of the freeze-able water freeze instantaneously.  The ice crystals also grow but their average 
size will be smaller than those at higher temperatures (Geidobler and Winter 2014).  
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For this investigation, a 5 %w/w solution of sucrose was freeze-dried using two freezing 
temperatures; -40 °C and -50 °C.  The resultant cake structures were examined using SEM.  The 
moisture was determined using KF and the Young’s modulus and crushing strengths were 
determined using mechanical indentation test. 
 Results and Discussion 9.5.2
 
  
Sucrose 5 % w/w frozen and dried at -40 °C  Sucrose 5 % 
w/w frozen and dried at -50 °C 
Figure 9-12 :  SEM images of FD sucrose frozen and dried at -40 °C and -50 °C 
 
The Tg’ for sucrose has previously been reported as -32 °C (Costantino and Pikal 2004) 
therefore theoretically, there should be no collapse occurring at temperatures below -32 °C.  The 
SEM images in Figure 9-12 indicate otherwise, that is at-40 °C there has been some extent of micro-
collapse occurring when the frozen sucrose solution was exposed to -40 °C.  It is to be noted here 
that the temperature reference of -40 °C is the shelf temperature.  Within a freeze-drier, other 
sources of heat like radiation and convection (Pikal et al. 1984) also known to affect the total energy 
available to the vials sitting on the temperature controlled shelf.  The micro-collapse, indicated in 
the SEM images by the small holes on the flat surface of the cell faces, weaken the overall strength 
of the cakes.  The walls for the cake cells of FD sucrose at -50 °C, are complete and without visible 
flaws, such as holes.  Micro cracks if in existence are not visible at this x200 magnification.  This 
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weakening of the cakes by the presence of the holes is reflected on the stress-strain profile in Figure 
9-13 and the crushing stress and elastic moduli reported in Table 9-3.  
Table 9-3: Summary of cake characteristics for FD sucrose cakes frozen and primary dried at -40 and -50 °C 
Sucrose 5 % w/w solution Freezing and primary drying 
temperature (-40 °C) 
Freezing and primary drying 
temperature (-50 °C) 
Crushing stress, σmax  (kPa) 11 ± 4    25 ± 4  
Young’s modulus, Ef (kPa) 80 ± 15    120 ± 25  
Density ρf, (gcm
-3) 0.057  0.059 
Cell length, l (µm) 80 ± 44 100 ± 36 
Wall thickness, t (µm) 1.5 ± 0.4 1.4 ± 0.3 
 
The FD sucrose cakes freeze-dried at -50 °C are stronger with higher Young’s modulus of 120 
± 25 kPa compared to 80 ± 15 kPa for flawed FD cakes prepared at -40 °C. Refer to Figure 9-13 and 
Table 9-3. The difference between the mechanical behaviour of sucrose FD at -50 °C and -40 °C is 
statistically significant at 95 % confidence interval as detailed in Appendix 5-14.  Thus, it can be 
concluded that this mechanical test method detects the flaws in the physical structure such as that 
caused by micro-collapse. 
 
Figure 9-13 : Stress-strain curve for FD sucrose made using -40 °C and -50 °C as the shelf temperature for 
cooling/freezing (n=10). 
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 Conclusions 9.5.3
 
The Tg’ is a rate dependent measure and therefore the reported values may not have been 
determined using the exact rates that occur in the freeze-drying vials. In addition, although the shelf 
temperature is set at -40 or -50 °C, the actual temperature inside the vials may not reach these set 
temperatures due to delays in heat transfer from the shelf to the vials via the concaved vial bottoms. 
Heat transfer by direct contact is not the only source of heat inside the freeze-drying chamber. There 
is radiative heat through the transparent door and convective heat which affect the actual 
temperature inside the vials.  
 Micro-collapse cannot be detected by naked eye observation during visual inspection, so even 
though the cake may look pharmaceutically elegant and acceptable, micro-collapse events causes 
weaknesses in the cake structure and affects the mechanical fragility of the cake.  This indicates the 
susceptibility of the cakes to crumble during handling, transportation and storage after freeze-
drying.  The mechanical results clearly detect the structural weaknesses in the cakes caused by 
micro-collapse, and highlight the sensitivity of this mechanical test to the presence of such flaws.  
 
 Controlled and spontaneous nucleation 9.6
 
 Introduction 9.6.1
 
There are various ways in which nucleation can be induced during the freeze-drying process.  
The shelf can be simply cooled down at a set rate and nucleation is allowed to occur spontaneously.  
This method is called the shelf-ramp freezing. It can be as slow as 3.0 °C per hour (Chang et al. 1996) 
and carried out by decreasing the shelf temperature slowly after the vials are placed on the shelves.  
The ice crystal size is dependent on the ramp rate with smaller ice crystals occurring at faster ramp 
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rates and vice versa.  Due to the stochastic nature of nucleation, ice nucleation occurs randomly with 
respect to locations within the vial and with respect to time lag.  
Other spontaneous nucleation rates based on different methods of cooling the shelf and 
freezing were discussed earlier.  The solutions can be frozen by slow directional solidification where 
the primary nucleation is induced in the bottom of the vial by contact with dry ice followed by slow 
freezing on a precooled shelf (Patapoff and Overcashier 2002).  The solution can be frozen using  
vacuum (Kramer et al. 2002) where the solution is placed under vacuum (1mbar) at 10 °C where ice 
between 1-3 mm forms on the base and the vacuum is then released and the temperature of the 
shelf is decreased to below freezing point of ice in solution for secondary nucleation and ice growth. 
The solution can be frozen by immersion in liquid nitrogen or refrigerant liquid e.g. dry ice in alcohol 
or by spraying liquid nitrogen. The cooling temperature achieved can be between 40-60 °C/min 
(Oetjen 1999).  The vials containing the solution can be placed on freeze-drier shelves which have 
already been cooled to below the freezing temperature; ‘precooled shelf’. The cooling rates that can 
be achieved with this method are between 10-20 °C/min depending on the fill height (Oetjen 1999).  
The most recent advance in the freezing process is controlled nucleation.  Nucleation is 
controlled by either introducing ice crystals into the vials as nucleants to cause uniform nucleation in 
all vials called ‘ice fog technique’ (Patel et al. 2009) or by depressurising the chamber when the 
temperature of all the vials reaches a set temperature between equilibrium freezing point and 
temperature above which spontaneous nucleation takes place (Konstantinidis et al. 2011).   There is 
less variation expected in the random ice nucleation and therefore more homogeneity is expected. 
Although controlled nucleation is generally reported by both Patel et al and Konstantinidis to 
produce more uniformly sizes ice crystals, there is a size distribution observed as well for controlled 
nucleation, however not as widely distributed as with spontaneous nucleation (Geidobler and 
Winter 2014).  The homogeneity/heterogeneity in ice crystal sizes thus produce pores of similar 
dispersity.  
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For controlled nucleation, the occurrence of nucleation is managed by cooling under 
pressure, the entire batch of vials to a given selected temperature, e.g. -3 to -5 °C below the 
equilibrium freezing point but above the temperature at which spontaneous nucleation may occur 
e.g. -9 to -11 °C. The nucleation is then induced by seeding the vials with ice crystals (ice fog 
technique) or by depressurising the freeze-dryer chamber. By controlling the nucleation 
temperature and rate, more uniform nucleation followed by ice crystallisation occurs.  This produces 
cakes with uniformly distributed cell size and shape compared to spontaneous nucleation 
(Konstantinidis et al. 2011).  Spontaneous nucleation during freeze drying is when the vials are 
placed on the shelf before the cooling of the shelf begins. The nucleation is allowed to occur 
spontaneously at the solution reaches freezing point. Due to the stochastic nature of nucleation, 
certain heterogeneity is observed in the structure of the dried cakes.  This is more commonly 
observed in slower freezing rates compared to controlled nucleation or faster freezing rates.   
In order to compare the controlled nucleation and spontaneous nucleation, 5 % sucrose was 
freeze dried using the spontaneous methods where the shelf was ramped at 0.3 °C/min and also 
using a controlled nucleation by depressurisation technique as outlined in Section 6.  
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 Results and Discussion 9.6.2
 
 
 
 
FD sucrose 5 %w/w, spontaneous nucleation with 
inset showing holes absent in the walls. 
FD sucrose 5 %w/w, controlled nucleation with 
inset showing holes present in the walls.  
Figure 9-14 :  SEM images of FD sucrose using controlled and spontaneous nucleation 
 
The SEM images in Figure 9-14 show that spontaneous nucleation produces cakes with a 
wider range of cell sizes, whereas the cakes with controlled nucleation, are slightly more uniform.   
Although qualitatively, the cells sizes are more uniform with controlled nucleation, the overall cell 
sizes are similar to most cells in spontaneous nucleation; see Table 9-4.  
Table 9-4: Summary of cake characteristics for FD sucrose made using controlled and spontaneous 
nucleation 
Sucrose 5 % w/w solution Spontaneous nucleation Controlled nucleation 
Crushing stress, σmax  (kPa) 25 ± 4 21 ± 2 
Young’s modulus, Ef (kPa) 150 ± 18 110 ± 6 
Density ρf, gcm
-3 0.059 ± 0.002 0.057 ± 0.002 
Cell length, l (µm) 100 ± 36 90 ± 12 
Wall thickness, t (µm) 10 ± 5 8 ± 4 
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As the material of construction is the same, the cell sizes are similar although distribution is 
different, a similar mechanical behaviour would be expected.  The stress-strain curve of these cakes 
is shown in Figure 9-15.  The difference between the mechanical behaviour of sucrose FD by 
controlled nucleation and spontaneous nucleation is statistically significant at 95 % confidence 
interval as detailed in Appendix 5-15.  The moduli of both the cakes are over lapping at strains up to 
0.12.  The cakes with spontaneous nucleation seem to remain elastic under higher strains, 
approximately, 0.21 compared to 0.16 for controlled nucleation.  This elasticity is deduced from the 
fact that the unloading follows the same path as loading curve which theoretically indicates elasticity 
(Fischer-Cripps 2000).  
 
Figure 9-15 :  Stress-strain curve for FD sucrose made with spontaneous (n=10) and controlled nucleation 
(n=10) 
 
The calculated Young’s modulus for spontaneous nucleation is slightly higher at 150 kPa 
compared to 110 kPa obtained by compressional testing of the cakes from controlled nucleation. On 
closer inspection of the structures, it was observed that the cells wall with spontaneous nucleation 
were completely filled in/or solid however, the cell walls with controlled nucleation had tiny holes 
randomly distributed within the structure, see insert in Figure 9-14. These holes are a source of 
weakness for the cakes which could lower the Young’s modulus of the cakes.  With a wider mixture 
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of cell shapes including hexagonal and elongated cells with spontaneous nucleation, it is possible 
that the water vapour undergoes less resistance to flow by finding path of least resistance through 
the dry layer compared to that in the controlled nucleation cakes. A higher resistance to vapour flow 
can reduce the drying efficiency and cause micro-collapse within the cakes by plasticising and 
reducing the Tg’ of cakes as energy is continuously supplied for drying by the temperature controlled 
shelves.  This phenomenon has previously been reported for FD monoclonal antibody cakes 
(Awotwe-Otoo et al. 2013). 
 
Figure 9-16: Picture showing 
topography profile for the underside of 
freeze-drying vials 
 
Figure 9-16 shows the profile of the base of a freeze-drying used in these studies and a 
concavity with approximately 200 µm depths can be observed. The non-flatness will cause uneven 
heat transfer from the shelf to the vial during freezing for spontaneous and controlled nucleation. 
The uneven vial base has a more significant effect on the heterogeneity of the ice crystal size in 
spontaneous nucleation then on controlled nucleation cycles (John Morris and Acton 2013; Awotwe-
Otoo et al. 2013).  The surface area of the FD cakes with spontaneous nucleation was found to be 
0.9 ± 0.15 m2g-1 , more heterogeneous compared to 0.46 ± 0.04 m2g-1 (Awotwe-Otoo et al. 2013). 
Heat is supplied to the sublimation interface using a metal shelf heated by circulating a 
temperature controlled fluid through it. Heat is conducted from the shelf up through the material 
and to the sublimation front where that energy is used to supply the latent heat of sublimation. Heat 
transfer inside a freeze-drier occurs by three different mechanisms. Firstly by direct conduction from 
shelf to vial at points of direct contact; second, conduction through the vapour in the gap between 
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shelf and vial bottom and third, heat transfer via radiation.  The sublimation of ice requires enough 
heat to overcome numerous barriers until it reaches the sublimation interface.  During lyophilisation 
in vials, the barriers are (a) transport through the shelf itself, (b) the gas-filled gap between shelf 
surface and vial bottom (depending on chamber pressure), (c) the bottom of the container, 
commonly a vial, and (d) the frozen product.  The major resistance to heat flow when using vials is 
imposed by the gas-filled gap between shelf surface and vial bottom as the vial bottom is not 
completely even and there is only poor thermal contact between vial bottom and shelf. At lower 
pressures (< 50 mTorr), the number of molecules between two surfaces is reduced.  This results in a 
lower thermal conductivity of the interstitial gas and thus a higher resistance to heat transfer.  
Higher chamber pressures (>100mTorr) results in gas conduction as the dominant heat transfer 
mechanism.  However, radiation contributes to higher sublimation rates and hence faster rates in 
edge vials.  The heat transfer properties of  vials depends on the heat transfer coefficient which is 
the ratio of the area normalised heat flow to the temperature different between the heat source 
and heat sink, sublimation front in this case.  The heat transfer coefficient has been found to 
increase non-linearly with pressure and the bottom concavity, as well as direct contact area affects 
the heat transfer coefficient (Pikal et.al 1984). 
  
The location of the vials on the shelf also causes heterogeneity in heat transfer. Vials located 
along the periphery of a tray, or edge vials, receive more heat from radiation through the door and 
chamber walls during primary drying, and their contents sublime faster.  In one study, the average 
edge vial was reported to sublime 15% faster than a typical interior vial (Rambhatla and Pikal 2003).
  
Samples at the periphery and closer to the glass door can dry at approximately twice the rate of 
those in the middle. 
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 Conclusions  9.6.3
 
The non-uniformity in the pore structures is reflected in the error bars in Figure 9-15.  With 
spontaneous nucleation, the stress-strain curves are less uniform between the 10 samples tested 
compared to the 10 samples from controlled nucleation, reflecting the pore size distributions. The 
non-uniformity in the contact area between the vial base and the shelf may also contribute to the 
heterogeneity in nucleation of ice.  The simple mechanical method developed here in this study 
provides information in the distribution of ice crystal size although no quantitative data analysis for 
this correlation was carried out here.  Cell sizes and wall thickness were also affected by the 
nucleation method used for ice nucleation i.e. controlled nucleation and spontaneous nucleation. 
Cell sizes were more uniform, 90 ± 12 µm, for controlled nucleation whereas the cell sizes produced 
by spontaneous nucleation had a wider distribution 100 ± 36 µm.  The cell sizes generally were 
similar by the 2 methods of ice nucleation.  
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CHAPTER 10  EFFECT OF FREEZING RATE AND 
SOLUTION COMPOSITION ON THE FD CAKE 
PROPERTIES 
 
 Introduction 10.1
 
The active macromolecules in the biopharmaceutical formulations require the presence of 
other excipients for their physical, chemical and biological stability as discussed in Chapter 3.  
Sucrose is a commonly used stabiliser (Maitani 2008; Ghosh et al. 2009; Jameel et al. 2009; 
Townsend and DeLuca 1988; Wang et al. 2009a; Izutsu et al. 1994a; Meister and Gieseler 2009) due 
to its good glass forming characteristics and hydrophilic nature.   The ability to form hydrogen bonds 
with the active macromolecules in the biopharmaceutical formulations is a suggested mechanism by 
which sucrose provides stability according to water substitution hypothesis (Chang and Pikal 2009).  
Sucrose is also known to form glasses easily and hence is able to stabilise the 
macromolecules in the biopharmaceutical formulation according to ‘glass dynamics hypothesis’ (Liao 
et al 2002). Mannitol is used in biopharmaceutical formulations with highly potent active 
macromolecules where the mannitol provides, structure and strength to the cakes.  Mannitol is 
susceptible to crystallisation during the freeze-drying process and this depends on the drying 
conditions,  other excipients that are present and  their concentrations (Heller et al. 1999; Izutsu et 
al. 1994b; Johnson et al. 2002; Kim et al. 1998; Piedmonte et al. 2007; Schwegman et al. 2005; Tao 
et al. 2007; Yoshinari et al. 2002),  salts present such as sodium chloride (Telang et al. 2003), PVP 
(Cavatur et al. 2002), mass fractions of sucrose (Lueckel et al. 1998) and protein concentrations 
(Dixon et al. 2009).  
Lysozyme, also known as muramidase, is a globular protein containing α (37 %) and β (5 %) 
domains as well as a significant fraction of turns and loops (58 %).  It is a glycoside hydrolase and 
known to catalyse the hydrolysis of 1.4-beta linkages between N-acetylmuramic acid and N-acetyl-D-
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glucosamine residues in a peptidoglycan (Blake et al. 1965; Johnson 1998).  Lysozyme can be found 
in bodily secretions  (e.g. tears, saliva, human milk) in abundant quantities (SALTON 1957).  
Lysozyme is widely studied as a model protein system with molecular weight of 14.3 kDa and is used 
to understand the physicochemical properties of proteins.  Lysozyme is a typical macromolecule 
used as a model representation in freeze-drying investigations (Clausi et al. 2008a; Lerbret et al. 
2012; Lewis et al. 2010; Peters et al. 2014; Yoshioka et al. 2011). 
Bovine serum albumin (BSA) is a globular protein derived from cows. It is used for 
transportation around the body of fatty acids that are otherwise insoluble in plasma, metals, amino 
acids, steroids and drugs. It is also used to maintain the osmotic pressure and pH of blood. Due to 
these extraordinary characters, albumins including BSA, have gained extensive biomedical and 
industrial applications as well as research interest (Huang et al. 2004).  It is suitable for use as an 
enzyme stabilizer during purification or for the dilution of restriction endonucleases and nucleic acid 
modifying enzymes.  BSA is also commonly used in DNA and protein labelling experiments as a 
blocking agent to minimize background noise.  The molecular mass of BSA is 62.6 kDa and contains 
77 % α domains, a 22 % fraction of turns and loops, and no β (0 %) domains.  BSA has been used as a 
model protein for the evaluation of freeze-drying process over many years (Boury et al. 1997; Chirife 
and Karel 1974; Ferraz et al. 2014; Gao et al. 2010; Gieseler and Lee 2008; Imamura et al. 2001; 
Imamura et al. 2003; Samadi et al. 2013).  
In addition to the stabilising and bulking agents, buffers are often needed in biopharmaceutical 
formulations to maintain the pH of the solutions during the freeze-drying process and in the 
reconstituted solution of the freeze-dried product. The amount of each excipient used in the 
biopharmaceutical formulation varies depending on the stability and other properties of the active 
macromolecule in the formulation (Kadoya et al. 2010).    
The first step in freeze-drying is cooling of the liquid filled vial and the cooling rates can vary 
depending on the method of cooling.  A number of cooling methods are discussed in Chapter 2.1.  
Although a moderate cooling rate of 1 °C per minute is recommended for pharmaceutical freeze-
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drying (Tang and Pikal 2004), the actual cooling rate used for industrial application varies from 
virtually instantaneous to 0.1 °C/hour depending upon the biopharmaceutical products being freeze-
dried, the freeze-drier type used and the vial fill volume/height, all which can affect the actual 
cooling rate within the vials.  With large scale industrial freeze-driers where automated loading and 
unloading of vials is used, shelf ramping is the method of choice for shelf cooling.  The cooling rate 
with a shelf ramping method can reach up to 2.1 °C/min (Oetjen 1999).  The fill height also affects 
the measured cooling rates e.g. with a 6 mm fill height the measured rate  is faster (1.29 °C/min) 
compared to 0.23 °C/min with 30 mm fill height under the same cooling regime (Oetjen 1999).  
 Methodology  10.2
 
The effect of freezing rate and the solution composition was investigated here using a response 
surface design of experiments created by commercially available software called Design-Expert® (see 
Table 10-1).  The freeze-drying factors incorporated in the experimental design are the freezing rates 
and the ratio of sucrose relative to mannitol used in the formulation. The cooling rates investigated 
are 0.09 °C min-1 and 0.90 °C min-1. The active macromolecules used in the formulation to represent 
proteins in typical biopharmaceutical formulation were lysozyme and BSA.  The sucrose and 
mannitol made up 69.7 %w/w of the solids in the formulation where the ratio of the sucrose to 
mannitol ratio that was studied was 0:10, 2:8, 4:6, 6:4, 8:2 and 10:0 respectively (see Table 10-1).  
The solutions were made in 6 mM phosphate buffer (pH 7.4) using deionised water. The formulation 
composition was adapted from Lewis et al (Lewis et al. 2010), a project which was carried out at 
Pfizer which represented the industrial acceptability of these molecules as typical model proteins.   
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Table 10-1 : Biopharmaceutical formulations composition and freezing rates used for the design of 
experiment  
Run Ratio/%w/w of  
Sucrose : Mannitol: Protein: Buffer Salt  
Ratio of Sucrose to 
Mannitol 
Freezing rate 
(°C/min) 
1 0.0 : 69.7 : 27.9 : 2.4 0:10 0.90 
2 13.9 : 55.8 : 27.9 : 2.4 2:8 0.90 
3 27.9 : 41.8 : 27.9 : 2.4 4:6 0.90 
4 41.8 : 27.9 : 27.9 : 2.4 6:4 0.90 
5 55.8 : 13.9 : 27.9 : 2.4 8:2 0.90 
6 69.7 : 0.0 : 27.9 : 2.4 10:0 0.90 
7 0.0 : 69.7 : 27.9 : 2.4 0:10 0.09 
8 13.9 : 55.8 : 27.9 : 2.4 2:8 0.09 
9 27.9 : 41.8 : 27.9 : 2.4 4:6 0.09 
10 41.8 : 27.9 : 27.9 : 2.4 6:4 0.09 
11 55.8 : 13.9 : 27.9 : 2.4 8:2 0.09 
12 69.7 : 0.0 : 27.9 : 2.4 10:0 0.09 
 
Solutions of the above formulations were dispensed into borosilicate glass vials, 2 ml per vial 
and freeze-dried as per Table 6-8 and 6-9 for lysozyme formulations and BSA formulations. After 
freeze-drying, the samples were sealed within the vials under vacuum. The freeze-dried samples 
were then stored at 18 °C until use.  They were equilibrated to test conditions, prior to releasing 
vacuum in vials before testing.  
The cakes were characterised by: 
SEM: morphology and structural information 
Karl Fisher: water content  
DSC /XRD:  determine the amorphous/crystallinity   
Compressive Indentation:  Young’s modulus and crushing stress at failure.   
For lysozyme products, the lysozyme activity was measured in the final freeze-dried product. 
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 Results and Discussion 10.3
 
 Lysozyme formulated with sucrose and mannitol 10.3.1
 
Below are the SEM images of the FD cakes.  
DOE Lysozyme Formula  
Cooling rate, slow,  0.09 °C/min  
DOE Lysozyme Formula  
Cooling rate, fast ,  0.90 °C/min  
  a)sucrose: mannitol; 0:10
 
g) sucrose: mannitol; 0:10
 
b) sucrose: mannitol; 2:8
 
h) sucrose: mannitol; 2:8
 
c) sucrose: mannitol; 4:6
 
i)sucrose: mannitol; 4:6
 
d)sucrose: mannitol; 6:4 j)sucrose: mannitol; 6:4 
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e)sucrose: mannitol; 8:2
 
 
k)sucrose: mannitol; 8:2 
 
f)sucrose: mannitol; 10:0
 
l)sucrose: mannitol; 10:0
 
 
Figure 10-1 : SEM images of lysozyme formulations cooled at 2 rates with 6 combinations of sucrose and 
mannitol ratio as outlined in Table 10-1 
 
 The SEM images in Figure 10-1  for lysozyme formulations (as per Table 10-1)  show that 
with  the faster  cooling (0.9 °C/min) hence freezing rate, the cells qualitatively look smaller (Images 
g to l in  Figure 10-1) than the cells formed with slower (0.09 °C/min) cooling (Images a to f in  Figure 
10-1).  The faster cooling seems to have formed walls and struts to make up cells compared to 
slower cooling which seems to mostly encompass complete walls as shown in Figure 10-1.  With 
faster cooling rate, the ice crystals are unable to undergo extensive Ostwald ripening before the 
matrix solidifies completely so ice crystals remain small. When sublimed, these small ice crystals 
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leave smaller pores compared to slowly cooled solution where Ostwald ripening enables the 
formation of larger ice crystals and hence larger pores as shown in Figure 10-1, images a to f.  
 
Figure 10-2 :  Graph showing moisture content in lysozyme formulation as a function of percentage of 
sucrose in the FD lysozyme product 
 
Figure 10-2 graphically represents the residual moisture content as measured by Karl fisher 
in the lysozyme formulation as a function of freezing rate and sucrose content in the FD product.   
The actual moisture content is less than 0.2 %w/w for all conditions. This data indicates that the 
formulations are relatively dry and that the cell size differences between slow and fast cooling rates 
does not have a significant effect of the product resistance for water vapour removal as might be 
reflected in residual moisture content.  
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 Lysozyme activity assay 10.3.2
 
 
Figure 10-3: Graph showing percent bioactive lysozyme, measured per vial as a percentage of the initial 
lysozyme bioactivity without freeze-drying in a formulation. Statistical analysis is detailed in Appendix 5.11 
 
The percentage of lysozyme that remained biologically active in the formulations after 
freeze-drying, and were able to cause lysis to micrococcus lysodeikticus cells were measured in 
formulations within 2 weeks of freeze-drying. The formulations are summarised in Table 10-1 and 
results are shown in Figure 10-3.  The bioactivity results for this macromolecule generally indicate 
that the reconstituted protein structure is in its native form and indicates the specific ability of the 
product to achieve a defined biological effect. Potency is the quantitative measure of such biological 
activity. Any reduction in bioactivity may imply degradation of lysozyme, either physical or a 
chemical alteration. The trend for changes in the bioactivity lysozyme is the same for fast and slow 
cooled formulations with respect to sucrose and mannitol composition of the formulation. However, 
faster cooling rates seem to preserve the native structure of the lysozyme better indicated by the 
higher remaining native lysozyme quantity in the final FD product The difference between the 
lysozyme bioactivity at 0.09 and 0.90 °C is statistically significant at 95 % confidence interval as 
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detailed in Appendix 5-11.  The reference used for calculations in Figure 10-3 is the measure of 
bioactivity in FD lysozyme product as a percentage of the bioactivity as it was received form the 
manufacturers and before it was freeze-dried in a formulation mixed with the other excipients and 
the buffer salts.  With slower cooling of the system, the ice crystallises slowly, it extends the length 
of time that the lysozyme is exposed to a system concentrated with buffer salts, stabilisers and 
bulking agents in the freeze-concentrate.  This phenomenon of lost potency with slower cooling 
rates have been previously reported for freeze-drying processes (Amorij et al. 2007; Chen et al. 
2009; Clausi et al. 2008b; Maa et al. 2003).  The tendency of alum hydroxide-adjuvant hepatitis-B 
surface antigen (Alum-HBsAg) and the alum phosphate-adjuvanted diphtheria and tetanus toxoids 
(Alum-DT) to coagulate and lose potency was preserved with faster freezing rates in liquid nitrogen 
compared to 1 °C/min (Maa et al. 2003).  The use of fast freezing, resulted in a significant reduction 
or even absence of conformational changes of haemagglutinin during freeze-drying in another study 
(Amorij et al. 2007).  The damage to hepatitis B vaccine was reported to be higher at longer freezing 
time (Chen et al. 2009).  Slower cooling can cause pH shifts (Costantino and Pikal 2004) in the freeze-
concentrate, resulting in degradation or unfolding of lysozyme thus reducing the quantity of 
molecules in native form to cause lysis of micrococcus lysodeikticus cells.   
Although a trend is observed, the specifications for bioactivity of biopharmaceutical 
formulations are based generally on specific proteins, so no single set of criteria are applicable to all 
industry. This is due to lack of knowledge on the variations between molecules of the same protein. 
These inter-molecular differences give the protein molecules different capacity of bioactivity 
(U.S.Department of Health and Human Services 1999).  In consideration of specifications applicable 
in industry, it can safely be concluded that there is no significant change in the bioactivity of 
lysozyme with different cooling rates and sucrose contents.  
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  Young’s modulus 10.3.3
 
The Young’s modulus was calculated as outlined in section 6.4 in Chapter 6.  
 
 
Figure 10-4 : Graph showing a  Gaussian 3 parameter curve fitted to Young’s modulus of FD lysozyme 
formulation as function of sucrose content in the FD lysozyme formulation Statistical analysis is detailed in 
Appendix 5.10 
.  
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 Maximum stress at failure 10.3.4
 
 
Figure 10-5:  Graph showing a Gaussian 3 parameter curve fitted to maximum stress at failure of FD 
lysozyme cakes as a function sucrose content in the FD lysozyme cakes. Statistical analysis is detailed in 
Appendix 5.10 
 
The maximum stress at failure was recorded as outlined in Section 6.4, Chapter 6 
The Young’s modulus and crushing strength of the FD lysozyme formulation cakes illustrated 
in Figure 10-4 and Figure 10-5 respectively, show higher moduli when the ratio of sucrose and 
mannitol present are approximately equal.  The trend of the moduli and maximum stress at failure is 
well described by a Gaussian function.  The data were fitted using non-linear regression analysis with 
R-squared values of > 0.99.  The Young’s modulus decreased with decrease in sucrose content, 
perhaps due to the crystallisation of mannitol.  
The crystalline forms of some excipients have been reported to have a lower strength if 
mechanical failure is caused by slippage along the crystal planes (Hancock et al. 2002). The load 
required for deformation by plane slippage in crystals is lower, compared to bending of walls and 
struts in amorphous forms as occurs in cellular materials.  A combination of sucrose and mannitol at 
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approximately 1:1 ratio provides the most elasticity probably due to the amorphous nature of the 
overall cake with sucrose inhibiting the crystallisation of mannitol.  
Sucrose, amongst other biopharmaceutical excipients, is known to inhibit the crystallisation 
of mannitol under freeze-drying conditions (Johnson et al. 2002).  XRD results showed an amorphous 
halo, however this does not confirm a complete lack of some crystalline structure. For example, 
there may be small crystals which are not detected by XRD, see Figure 10-6.  A crystallisation peak is 
observed between 50 and 75 °C  DSC for lysozyme formulation with less than 13.9 % sucrose in the 
FD lysozyme product (Appendix 2) for formulations with sucrose to mannitol ratios of 4:6 and 2:8, 
indicating presence of amorphous components however there was no direct confirmation of the 
absence of crystalline components.  
Mannitol has historically been used as a bulking agent to support the cake structure 
(Costantino and Pikal 2004).  Here is it shown that, when used in combination with sucrose in 
amorphous state, it increases the Young’s modulus of the cakes.  Without the presence of mannitol 
i.e. 100 % sucrose as the excipient in the lysozyme formulation, the Young’s modulus decreases.  
This decrease could also be due to moisture plasticisation during testing as Figure 9-7 shows that this 
formulation is very hygroscopic and rapidly gains moisture from the atmosphere.  Even small 
quantities of water are known to affect the glass transition of materials by plasticisation and hence 
reduce their mechanical strength.  
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Figure 10-6 :  XRD diffraction patterns for FD cakes as observed for fast and slow cooled lysozyme 
formulations; a- 0, b-13.9, c-27.9, d-41.8 e-55.8 and f-69.7 % sucrose in FD lysozyme formulation 
 
  Bovine serum albumin formulated with sucrose 10.4
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The SEM images of the FD BSA cakes are shown below.  
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b).sucrose: mannitol; 2:8
 
g).sucrose: mannitol; 2:8
 
c).sucrose: mannitol; 4:6
 
h).sucrose: mannitol; 4:6
 
d).sucrose: mannitol; 6:4
 
i).sucrose: mannitol; 6:4
 
e).sucrose: mannitol; 8:2
 
j).sucrose: mannitol; 8:2
 
f).sucrose: mannitol; 10:0
 
k).sucrose: mannitol; 10: 0
 
Figure 10-7 : SEM images of BSA formulation cooled at 2 rates with 6 combinations of sucrose and mannitol 
ratio 
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The SEM images for BSA formulations as per Table 10-1 show that with faster (0.9 °C/min) 
cooling hence freezing rate, the cells qualitatively look smaller (Images a. to f. in Figure 10-7) than 
the cells formed with slower (0.09 °C/min) cooling (Images g to k in Figure 10-7).  The faster cooling 
seems to have created of walls and struts to make up cells compared to slower cooling which seem 
to have more complete walls.  This trend was also observed for lysozyme formulations as well, 
indicating that regardless of the formulation, the freezing rate has the same effects on the 
formulations studied here.  It also may be an indication that the structural characteristics of the FD 
cakes with 27.9 % macromolecule loading is predominantly determined by the quantity and type of 
excipients present in the biopharmaceutical formulation. 
 Residual moisture content 10.4.1
 
 
Figure 10-8 : Graph showing measured moisture content in BSA formulation as a function of freezing rate 
and percentage of sucrose making up the total excipient content 
 
 
0
0.04
0.08
0.12
0.16
0 10 20 30 40 50 60 70 80
M
o
is
tu
re
 c
o
n
te
n
t 
(%
w
/w
) 
Sucrose content in BSA formulation (%w/w) 
0.90°C/min 0.09°C/min
225 
 
Figure 10-8 graphically represents the residual moisture content measured by Karl fisher in 
the BSA formulation as a function of freezing rate and sucrose content in the formulation.  The 
actual moisture content is less than 0.2 %w/w for all conditions. This data indicates that the 
formulations are relatively dry and that the cell size differences between slow and fast cooling rates 
does not have a significant effect of the product resistance for water vapour removal as might be 
reflected in residual moisture content.  
  Young’s modulus 10.4.2
 
 
 
Figure 10-9: Graph showing a Gaussian 3 parameter curve fitted to Young’s modulus of FD BSA as a function 
of sucrose content in the FD BSA product. Statistical analysis is detailed in Appendix 5.10 
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 Maximum stress at failure 10.4.3
 
 
 
Figure 10-10: Graph showing a Gaussian 3 parameter curve fitted to maximum stress at failure data of FD 
BSA formulation cakes as a function of freezing rate and sucrose contribution to total excipient used 
(plotted raw data). Statistical analysis is detailed in Appendix 5.10 
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Figure 10-11:  XRD diffract grams for FD cakes as observed for fast and slow cooled BSA formulations using 
XRD. a- 0, b-13.9, c-27.9, d-41.8 e-55.8 and f-69.7 % sucrose in FD BSA formulation 
 
The Young’s modulus and maximum stress at failure of the FD BSA formulation cakes 
illustrated in Figure 10-9 and 10-10 respectively, showed a higher Young’s modulus when the ratio of 
sucrose and mannitol are equal or around 50 %:50 % of total excipient content.  The moduli and 
maximum stress at failure data is well described by a Gaussian function.  The data were fitted using 
non-linear regression analysis with R-squared values of > 0.99.  The Young’s modulus decreases with 
decrease in sucrose content perhaps due to crystallisation of mannitol leading to deformation by 
slippage of crystalline particles past each other rather than bending or walls and struts as expected 
in cellular materials.   
A combination of sucrose and mannitol provides most elasticity at a 1:1 ratio probably due 
to the amorphous nature of the overall cake with sucrose inhibiting the crystallisation of mannitol. 
The XRD results showed an amorphous halo, however this does not confirm lack of crystalline 
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structure.  There may by small crystals but are not detected by XRD, Figure 10-11 where sucrose 
content is greater than 41.8% w/w in the FD BSA formula. A crystallisation peak is observed using 
DSC (Appendix 2) at around 50 to 60 °C for formulations with sucrose to mannitol ratio of 2:8 and 
0:10 indicating presence of amorphous components however, no confirmation of absence of 
crystalline components.  Mannitol  has historically been used as a bulking agent to support the cake 
structure  (Costantino and Pikal 2004) and here is it shown that, when used in combination with 
sucrose in amorphous state, it increases the Young’s modulus of the FD cakes formulated with BSA. 
Without the presence of mannitol i.e. 100 % sucrose as the excipient, the Young’s modulus 
decreased.  
 Conclusions  10.5
 
From the experiments designed to investigate the freezing rates and the composition, it can be 
clearly concluded that a combination of sucrose and mannitol produced more robust cakes with 
higher compressive Young’s modulus and crushing stress compared to cakes with only sucrose or 
only mannitol as the excipient. To obtain strongest  FD cakes where the protein loading is expected 
to up to 28 %w/w, a combination of sucrose and mannitol around 1:1 ratio is recommended to be 
used, based on the experimental data obtained here, using two model proteins, formulations of 
which were frozen at 2 different cooling rates. A protein loading of approximately 28 %w/w in the 
biopharmaceutical formulations, shown using lysozyme and BSA, does not seem to have significant 
contribution to the mechanical behaviour of the FD product. However, FD cakes formulated with 
BSA have slightly higher compressive Young’s modulus and crushing stress compared to lysozyme 
cakes perhaps due to stronger interaction of BSA with the excipients used.    
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CHAPTER 11 CONCLUSIONS AND FUTURE WORK 
 
In this chapter, the major findings of this study are summarised and challenges detailed. As per 
the objectives of this thesis, a quantitative characterisation technique for fragile freeze dried 
biopharmaceutical product was developed. The capability of the method to discriminate between 
different freeze-drying process conditions and formulations was validated for accuracy, sensitivity 
and performance. A wide range of typical and commonly used excipients and formulations were 
freeze-dried at conditions used generally for industrial applications. 
The formulations were characterised for internal structures using scanning electron 
microscopy, moisture content of the cakes were measured using coulometric Karl Fisher, bioassay 
for lysozyme formulations and the mechanical behaviour of biopharmaceutical freeze-dried cakes 
was tested using a newly developed mechanical testing instrument.  The mechanical behaviour of 
highly porous freeze-dried cellular cakes across a wide density range was compared to the 
mechanical behaviour of other cellular materials. The applicability of existing mechanical models 
derived from other cellular materials was assessed for application to freeze-dried cake mechanics.  
The effect of processing conditions e.g. freezing temperature, freezing rate, controlled and 
spontaneous nucleation on the mechanical behaviour of the freeze-dried cakes were detailed.  Using 
lysozyme and bovine serum albumin as model proteins, the effect of cooling rate and excipient 
combinations on the mechanical behaviour of the cakes were reported.  
OVERALL SUMMARY  
Freeze-dried cakes have cellular structure i.e. it is made up of interconnected cavities/cells 
which are either open or closed.  Open cells in cellular structures have incomplete cell walls and may 
be composed of struts and walls or just struts.  Closed cells have complete cell walls.  During freeze-
drying, the frozen water is sublimed (primary drying) and the unfrozen water is desorbed or diffused 
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(secondary drying).  This requires an opening for water molecules to escape and exit the solidified 
structure hence all cavities need to have an opening by the very nature of the process, that is have 
some sort of opening in the cells.  
The shape of the cells vary from honeycomb hexagonal shapes with sharp corners where cell 
walls and/or struts meet as shown by the SEM images to a more variable number of walls or more 
rounded edges.  
Conclusion Table 1 : Data to indicate that the cell sizes are similar for 3 materials when lyophilised by 
similar cycles 
Properties Sucrose Mannitol Trehalose 
rS (density of solid g cm
-3) 1.59 1.52 1.58 
h (height of cell µm) 130 ± 33 120 ± 35 110 ± 25 
l (length of face µm) 70 ± 38 90 ± 40 50 ± 22 
E (Young’s modulus, kPa) 150 ± 38 25 ± 1 210 ± 20 
cr (crushing  stress kPa) 25 ± 4 10 ± 1 30 ± 2 
 
The cell sizes of 3 common excipients sucrose, mannitol and trehalose used in 
biopharmaceutical formulations are not significantly different if freeze-dried by a similar 
lyophilisation regime, however the mechanical behaviour of the 3 FD cakes are different. This is 
shown in Conclusion Table 1.  
At lower solution concentrations e.g. 2.5 % w/w trehalose solution produced cells with 
sharper corners of the hexagonal structures in 2D views, however as the concentration was 
increased to 5.0 %w/w to 40.0 %w/w, the cell corners became more rounded and the number of 
edges included 3 sided to 14 sided structures spread randomly.  The same trend was observed for 
freeze-dried sucrose as well; however, the cell corner bluntness did not increase as rapidly with 
increase in concentration of the solutions being freeze-dried, as that shown by trehalose solutions.  
The cell shapes were variable for the lysozyme formulations which include sucrose and mannitol 
prepared in phosphate buffer.  The cell shapes included triangular structures, square, pentagonal 
and hexagonal to 14 sided blunt edged structures.  The cell shapes in FD lysozyme formulations were 
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more irregular than individual sucrose and trehalose cakes at similar concentrations between 1.0 to 
40.0 % w/w.  
The size of the cells decreased for all excipients and formulations studied as the solute 
concentrations of the solutions were increased. Although there was a wide distribution in cell sizes 
at each concentration, the cell cross sectional area, for example, in FD sucrose cakes were between 
7690 to 2890 µm2 at 5.0 % w/w solution on freeze-drying compared to below 1390 µm2 for 
40.0 %w/w solution on freeze-drying. The cell diameter for trehalose was between 120 to 330 µm 
for 5.0 % w/w compared to less than 150 µm for 40.0 % w/w solution. The cell diameter for 
lysozyme formulation ranged between 50 to 120 µm at 5.0 % w/w solution and < 70 µm for 
40.0 % w/w solution.  
The thickness of the wall of the cell and struts was also affected by the concentration of the 
solutions.  The struts and cell walls became thicker as the concentration was increased from 1.0 % 
w/w to 40.0 %
 w/w. Again there was a wide thickness distributions at each solution concentration that 
was freeze dried between 1.0 to 40.0 % w/w.  The mean wall thickness for trehalose increased from 
1.0 -/+ 0.5 µm at 1.0 % w/w concentration to 3.0 -/+ 1.6 µm at 40 % 
w/w.  The mean wall thickness for 
sucrose increased from 3.0 -/+ 1.1 µm at 1 % w/w concentration to 4.0 -/+ 2.4 µm at 40.0 % w/w. The 
mean wall thickness for lysozyme formulation increased from 1.2 -/+ 0.4 µm at 1.0 % w/w 
concentration to 5.0 -/+ 3.1 µm at 40.0 % w/w. 
Conclusion Table 2: Data summary indicating method sensitivity to different FD cake density and 
material 
 
Sucrose  Trehalose Lysozyme Formulation 
Initial solution 
concentration 
(%w/w) ρf/ρs 
Ef 
(kPa) 
σmax 
(kPa) ρf/ρs Ef (kPa) 
σmax 
(kPa) 
ρf    
(gcm
-3
) Ef (kPa) 
σmax 
(kPa) 
1 0.008 5.6 5 0.005 3.4 8 0.008 31 5 
2.5 0.019 39 9 0.012 30 23 0.019 135 25 
5 0.038 10 38 0.023 83 65 0.036 240 52 
20 0.151 420 235 0.093 400    - 0.135 860 310 
30 0.226 620 400 0.14 620    - 0.202 1400 550 
40 0.302 800 550 0.187 800    - 0.27 2000 850 
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The variations in cell shapes, sizes and distributions and the progressive change in density 
are reflected in the mechanical properties of the FD cakes of sucrose, trehalose and lysozyme 
formulation determined by the method outlined in this thesis. 
The cooling rate also affected the cell sizes and cell wall thicknesses. For BSA formulations 
for example, smaller cells (220 ± 90 µm) were produced at 0.9 °C/min cooling rate compared to 
400 ± 115 µm at 0.09 °C/min cooling rate. The walls were thicker 96 ± 47 µm for slower cooling rates 
at 0.09 °C/min compared to 69 ± 33 µm for faster 0.9 °C/min cooling rate. The effect of freezing 
temperature was unclear for the sucrose studied in this experiment due to micro collapse in the 
sucrose cakes at -40.0 °C out of the 2 temperatures studied i.e. -40 and -50 °C.  
Cell sizes and wall thickness were also affected by the nucleation method used for ice 
nucleation i.e. controlled nucleation and spontaneous nucleation.  Cell sizes were more uniform 90 ± 
12 µm for controlled nucleation whereas the cell sizes produced by spontaneous nucleation had a 
wider distribution 100 ± 36 µm.  The cell sizes generally were similar by the 2 method of ice 
nucleation.  
The mechanical behaviour of the cellular structure FD cakes reflected the internal 
morphology in relation to the cell sizes and strut/wall thickness.  The distribution of the solid 
between the wall and the struts and cell sizes varied depending on the material as indicated by the 
relationships tabulated below in Conclusion Table 3.  As for cellular materials, the maximum stress at 
failure and Young’s modulus were both affected by the relative density of the FD cakes.  The 
behaviour of FD cakes made from different excipients is different and follow different trends with 
density changes as indicated in Conclusion Table 3 and Appendix 5.11.  
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Conclusion Table 3: Differing mechanical response for FD sucrose, trehalose and lysozyme 
formulation   
  ρf/ρs Ef/Es σmax   
Sucrose  0.95 ± 0.19(t/D)
 
 0.0034 ± 0.0001(ρf/ρs) 3800 ± 220(ρf/ρs)
1.48±0.04
 
Trehalose 3.75 ± 0.12(t/D) 0.0107 ± 0.0003(ρf/ρs)  7700 ± 350 (ρf/ρs)
1.46±0.12
 
    
  ρf  (gcm
-3
) Ef (kPa) σmax  
Lysozyme formulation 0.93 ± 0.05(t/D) 24.8 ± 0.6 (ρf)
 
 5800 ± 240(ρf)
1.48±0.03
 
 
The mechanical behaviour also reflected the uniformity in the cell sizes. The more 
uniform the cell sizes and cell wall/strut thickness was, the more reproducible the mechanical 
characteristics were e.g. a uniformity of cell size 90 ± 12 µm gave an Young’s modulus of 110 ± 6 kPa 
and displayed maximum stress at failure of 20 ± 2 kPa however, cells with wide size distribution 100 
± 36 µm have Young’s modulus of 150 ± 18 kPa and maximum stress at failure of 25 ± 4 kPa.  
The mechanical behaviour also distinguishes between differing freezing rates for the same 
formulations frozen at the same temperature (-50 °C).  Although the cakes from both conditions had 
similar maximum stresses at failure, they displayed different elasticities i.e. smaller cells with similar 
wall thickness from faster freezing had higher Young’s modulus 300 ± 67 kPa compared to low 
Young’s modulus 200  ± 88 kPa for slower freezing rate.  The freeze-dried cakes are fragile and can 
easily break during unloading, packaging or transportation. Although this failure may not have any 
immediate effect on the efficacy of the product, it can often fail on pharmaceutical elegance, which 
is a current official acceptability requirement for biopharmaceutical formulation in certain countries. 
It is therefore, recommended that firm and rugged cakes are manufactured.  
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Conclusion Table 4: Data to show that mannitol and sucrose at 1:1 ratio make strongest FD cakes 
  Compressive Young’s modulus (Ef) 
 
Lysozyme BSA 
Ratio of Sucrose :Mannitol 0.09 °C/min 0.90 °C/min 0.09 °C/min 0.90 °C/min 
  10 :  0 97.0 150 124 170 
   8  :  2  120 190 160 240 
   6  :  4 200 200 170 190 
   4  :  6 150 170 255 305 
   2  : 8 90 140 160 155 
      0 : 10  46 130 122 153 
  Maximum Stress at failure (σmax) 
 
Lysozyme BSA 
Ratio of Sucrose :Mannitol 0.09 °C/min 0.90 °C/min 0.09 °C/min 0.90 °C/min 
  10 :  0 30 33 43 36 
   8  :  2  360 38 57 56 
   6  :  4 46 45 49 43 
   4  :  6 40 40 60 58 
   2  : 8 25 25 45 39 
     0 : 10  11 25 22 29 
 
It was found that a combination of sucrose (stabiliser) and mannitol (bulking agent) used in 
formulations at approximately 1:1 ratio in BSA and lysozyme formulations provide the highest 
Young’s modulus and highest maximum stress at failure i.e. the strongest cakes which require the 
most effort to break, compared to when mannitol only or sucrose only is included in the 
formulation. This is shown in Conclusion Table 4. So for formulations of biopharmaceutical products 
with highly potent compound and or fragile compounds, a combinations of sucrose and mannitol at 
1:1 ratio can be recommended, which will provide not only strong amorphous cakes but also reduce 
the uncertainty of mannitol crystallisation.  
These findings provide the very first in depth knowledge on the internal structure of freeze-
dried cakes and its relationship with the mechanical behaviour of the freeze-dried cakes. This 
information can help design cakes with optimum cell shapes with strong cell walls and struts to 
minimise crumbling and breaking of cakes during handling and transportation. It will also provide an 
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important critical quality attribute for the comparison of cakes between cycles during technology 
transfer and scale up for industrial purposes.  
 Future work 11.1
 
This study has revealed a crucial quantitative measure that can be easily acquired with 
minimum sample preparation in a short time. It has also revealed the important relationship 
between the internal structure of the cakes and the mechanical behaviour of the cakes.  Future work 
should include investigating; 
1. A quantitative and systematic relationship between bound and unbound moisture content 
to the mechanical behaviour 
2. Mechanical behaviour is a 3 dimensional phenomenon, therefore, details on the relationship 
between mechanical properties and quantitative 3D structure may be more accurate in predicting 
the mechanical behaviour of freeze-dried cakes.  This investigation includes ample information on 
the two dimensional structure of the cakes. Future investigation should focus on providing 
quantitative 3 dimensional structures using techniques such as X-ray tomography and confocal 
microscopy. Although preliminary studies were carried out (Appendix 3 and 4) using both these 
methods, a lot more can be achieved by improving the contrast between these organic cakes and 
atmospheric background in which they exist inside the vials.  
3. The current study provides prima facie evidence that each stabilizing agent affects the cell 
shapes and sizes differently. A thorough investigation in to the properties like surface tension and its 
relationship with freezing rate for different applicable excipients will allow the prediction of the cell 
shapes and sizes and wall thickness that may be formed for individual cycles hence enable one to 
design more efficient freeze-drying cycles for individual formulations for robust cakes.   
4. Some information provided here and previously reported literature suggests that the 
moisture distribution between the cakes and the head spaces change over time. A study to 
determine the effect on the mechanical properties over storage or shelf life will be useful for 
236 
 
understanding the cake brittleness and susceptibly to breakage during unloading, packaging and 
transportation as they all occur at certain time periods after the freeze-drying process is completed.  
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 Figure 1 Appendix 2: Typical crystallisation peaks in the DSC results for FD lysozyme formulations showing 
the presence of amorphous components. S-sucrose, M-mannitol, P- protein lysozyme and B-buffer salts 
 
  Figure 2 Appendix 2: Typical crystallisation peaks in the DSC results for FD BSA formulations showing the 
presence of amorphous components S-sucrose, M- mannitol, P- protein lysozyme and -buffer salts 
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APPENDIX 3 
 
 
 
Figure 1 Appendix3: Confocal microscope image of FD sucrose cake 
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Figure 2 Appendix3: Confocal microscope image of FD sucrose cake 
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 Figure 3 Appendix3: Confocal microscope image of FD sucrose cake 
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Figure 4 Appendix3: Confocal microscope image of FD sucrose cake 
  
 
Figure 5 Appendix3: Confocal microscope image of FD sucrose cake 
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Figure 6 Appendix3: Confocal microscope image of FD sucrose cake 
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APPENDIX 4 
             
Figure 1 Appendix 4 : XRay tomography data for FD scurose cakes 2.1um pixel size 
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Figure 2 Appendix 4 : XRay tomography data for FD scurose cakes 2.1um pixel size 
  
Figure 3 Appendix 4 : XRay tomography data for FD scurose cakes 2.1um pixel size  
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 Figure 4 Appendix 4 : XRay tomography data for FD scurose cakes 2.1µm pixel size 
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APPENDIX 5 
For statistical analysis, Systat Software, Inc. SigmaPlot for Windows, SigmaPlot 
Version 13.0 was used. 
 
Appendix 5.1  
Details of statistical curve fitting for 7-19  
 
Nonlinear Regression Wednesday, October 01, 2014, 14:38:40  
Data Source: Data 1 in Notebook1  
Equation: Peak, Gaussian, 3 Parameter  
f = a*exp(-.5*((x-x0)/b)^2)  
R Rsqr Adj Rsqr Standard Error of Estimate  
0.8034 0.6455 0.5036 7.5317  
Coefficient Std. Error t P  
a 29.8871 6.5965 4.5308 0.0062  
b 33.4924 8.7039 3.8480 0.0120  
x0 161.2681 8.5259 18.9151 <0.0001  
Analysis of Variance:  
DF SS MS  
Regression 3 1766.3695 588.7898  
Residual 5 283.6305 56.7261  
Total 8 2050.0000 256.2500  
Corrected for the mean of the observations:  
DF SS MS F P  
Regression 2 516.3695 258.1848 4.5514 0.0748  
Residual 5 283.6305 56.7261  
Total 7 800.0000 114.2857  
Statistical Tests:  
Normality Test (Shapiro-Wilk) Passed (P = 0.1593)  
W Statistic= 0.8725 Significance Level = 0.0500  
Constant Variance Test Passed (P = 0.2067)  
Fit Equation Description:  
[Variables]  
x = col(3)  
y = col(4)  
reciprocal_y = 1/abs(y)  
reciprocal_ysquare = 1/y^2  
reciprocal_x = 1/abs(x)  
reciprocal_xsquare = 1/x^2  
reciprocal_pred = 1/abs(f)  
reciprocal_predsqr = 1/f^2  
weight_Cauchy = 1/(1+4*(y-f)^2)  
'Automatic Initial Parameter Estimate Functions  
peaksign(q) = if(total(q)>q[1], 1, -1)  
xatymin(q,r) = xatymax(q,max(r)-r)  
[Parameters]  
a = if(peaksign(y)>0, max(y), min(y)) ''Auto {{previous: 29.8871}} 2  
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b = if(fwhm(x,abs(y))<>0, fwhm(x,abs(y))/2.2, 1) ''Auto {{previous: 33.4924}}  
x0 = if(peaksign(y)>0, xatymax(x,y), xatymin(x,y)) ''Auto {{previous: 161.268}}  
[Equation]  
f = a*exp(-.5*((x-x0)/b)^2)  
fit f to y  
''fit f to y with weight reciprocal_y  
''fit f to y with weight reciprocal_ysquare  
''fit f to y with weight reciprocal_x  
''fit f to y with weight reciprocal_xsquare  
''fit f to y with weight reciprocal_pred  
''fit f to y with weight reciprocal_predsqr  
''fit f to y with weight weight_Cauchy  
[Constraints]  
b>0  
[Options]  
tolerance=1e-10  
stepsize=1  
iterations=200  
Number of Iterations Performed = 10  
Nonlinear Regression Wednesday, October 01, 2014, 14:39:00  
Data Source: Data 1 in Notebook1  
Equation: Peak, Gaussian, 3 Parameter  
f = a*exp(-.5*((x-x0)/b)^2)  
R Rsqr Adj Rsqr Standard Error of Estimate  
0.9333 0.8711 0.8067 5.5269  
Coefficient Std. Error t P  
a 31.3913 4.5052 6.9678 0.0022  
b 38.7544 6.5726 5.8964 0.0041  
x0 158.1088 6.4138 24.6514 <0.0001  
Analysis of Variance:  
DF SS MS  
Regression 3 2254.3570 751.4523  
Residual 4 122.1862 30.5466  
Total 7 2376.5432 339.5062  
Corrected for the mean of the observations:  
DF SS MS F P  
Regression 2 825.7856 412.8928 13.5168 0.0166  
Residual 4 122.1862 30.5466  
Total 6 947.9718 157.9953  
Statistical Tests:  
Normality Test (Shapiro-Wilk) Passed (P = 0.6715)  
W Statistic= 0.9436 Significance Level = 0.0500 3  
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Constant Variance Test Passed (P = 0.1495)  
Fit Equation Description:  
[Variables]  
x = col(5)  
y = col(6)  
reciprocal_y = 1/abs(y)  
reciprocal_ysquare = 1/y^2  
reciprocal_x = 1/abs(x)  
reciprocal_xsquare = 1/x^2  
reciprocal_pred = 1/abs(f)  
reciprocal_predsqr = 1/f^2  
weight_Cauchy = 1/(1+4*(y-f)^2)  
'Automatic Initial Parameter Estimate Functions  
peaksign(q) = if(total(q)>q[1], 1, -1)  
xatymin(q,r) = xatymax(q,max(r)-r)  
[Parameters]  
a = if(peaksign(y)>0, max(y), min(y)) ''Auto {{previous: 31.3913}}  
b = if(fwhm(x,abs(y))<>0, fwhm(x,abs(y))/2.2, 1) ''Auto {{previous: 38.7544}}  
x0 = if(peaksign(y)>0, xatymax(x,y), xatymin(x,y)) ''Auto {{previous: 158.109}}  
[Equation]  
f = a*exp(-.5*((x-x0)/b)^2)  
fit f to y  
''fit f to y with weight reciprocal_y  
''fit f to y with weight reciprocal_ysquare  
''fit f to y with weight reciprocal_x  
''fit f to y with weight reciprocal_xsquare  
''fit f to y with weight reciprocal_pred  
''fit f to y with weight reciprocal_predsqr  
''fit f to y with weight weight_Cauchy  
[Constraints]  
b>0  
[Options]  
tolerance=1e-10  
stepsize=1  
iterations=200  
Number of Iterations Performed = 9  
Nonlinear Regression Wednesday, October 01, 2014, 14:39:13  
Data Source: Data 1 in Notebook1  
Equation: Peak, Gaussian, 3 Parameter  
f = a*exp(-.5*((x-x0)/b)^2)  
R Rsqr Adj Rsqr Standard Error of Estimate  
0.9975 0.9951 0.9901 2.2896  
Coefficient Std. Error t P  
a 53.1537 2.1547 24.6693 0.0016  
b 30.2753 4.3854 6.9036 0.0203  
x0 107.4034 5.1697 20.7755 0.0023 4  
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Analysis of Variance:  
DF SS MS  
Regression 3 4114.8519 1371.6173  
Residual 2 10.4845 5.2423  
Total 5 4125.3364 825.0673  
Corrected for the mean of the observations:  
DF SS MS F P  
Regression 2 2114.8519 1057.4259 201.7115 0.0049  
Residual 2 10.4845 5.2423  
Total 4 2125.3364 531.3341  
Statistical Tests:  
Normality Test (Shapiro-Wilk) Passed (P = 0.0587)  
W Statistic= 0.7832 Significance Level = 0.0500  
Constant Variance Test Passed (P = 0.0500)  
Fit Equation Description:  
[Variables]  
x = col(7)  
y = col(8)  
reciprocal_y = 1/abs(y)  
reciprocal_ysquare = 1/y^2  
reciprocal_x = 1/abs(x)  
reciprocal_xsquare = 1/x^2  
reciprocal_pred = 1/abs(f)  
reciprocal_predsqr = 1/f^2  
weight_Cauchy = 1/(1+4*(y-f)^2)  
'Automatic Initial Parameter Estimate Functions  
peaksign(q) = if(total(q)>q[1], 1, -1)  
xatymin(q,r) = xatymax(q,max(r)-r)  
[Parameters]  
a = if(peaksign(y)>0, max(y), min(y)) ''Auto {{previous: 53.1537}}  
b = if(fwhm(x,abs(y))<>0, fwhm(x,abs(y))/2.2, 1) ''Auto {{previous: 30.2753}}  
x0 = if(peaksign(y)>0, xatymax(x,y), xatymin(x,y)) ''Auto {{previous: 107.403}}  
[Equation]  
f = a*exp(-.5*((x-x0)/b)^2)  
fit f to y  
''fit f to y with weight reciprocal_y  
''fit f to y with weight reciprocal_ysquare  
''fit f to y with weight reciprocal_x  
''fit f to y with weight reciprocal_xsquare  
''fit f to y with weight reciprocal_pred  
''fit f to y with weight reciprocal_predsqr  
''fit f to y with weight weight_Cauchy  
[Constraints]  
b>0  
[Options]  
tolerance=1e-10  
stepsize=1  
iterations=200 5  
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Number of Iterations Performed = 12  
Nonlinear Regression Wednesday, October 01, 2014, 14:39:27  
Data Source: Data 1 in Notebook1  
Equation: Peak, Gaussian, 3 Parameter  
f = a*exp(-.5*((x-x0)/b)^2)  
R Rsqr Adj Rsqr Standard Error of Estimate  
0.9924 0.9848 0.9695 3.0758  
Coefficient Std. Error t P  
a 44.6491 2.9751 15.0078 0.0044  
b 27.3659 2.1220 12.8963 0.0060  
x0 83.4324 2.0970 39.7868 0.0006  
Analysis of Variance:  
DF SS MS  
Regression 3 3222.5851 1074.1950  
Residual 2 18.9209 9.4605  
Total 5 3241.5060 648.3012  
Corrected for the mean of the observations:  
DF SS MS F P  
Regression 2 1222.5851 611.2925 64.6156 0.0152  
Residual 2 18.9209 9.4605  
Total 4 1241.5060 310.3765  
Statistical Tests:  
Normality Test (Shapiro-Wilk) Passed (P = 0.7260)  
W Statistic= 0.9484 Significance Level = 0.0500  
Constant Variance Test Passed (P = 0.0500)  
Fit Equation Description:  
[Variables]  
x = col(9)  
y = col(10)  
reciprocal_y = 1/abs(y)  
reciprocal_ysquare = 1/y^2  
reciprocal_x = 1/abs(x)  
reciprocal_xsquare = 1/x^2  
reciprocal_pred = 1/abs(f)  
reciprocal_predsqr = 1/f^2  
weight_Cauchy = 1/(1+4*(y-f)^2)  
'Automatic Initial Parameter Estimate Functions  
peaksign(q) = if(total(q)>q[1], 1, -1)  
xatymin(q,r) = xatymax(q,max(r)-r)  
[Parameters]  
a = if(peaksign(y)>0, max(y), min(y)) ''Auto {{previous: 44.6491}}  
b = if(fwhm(x,abs(y))<>0, fwhm(x,abs(y))/2.2, 1) ''Auto {{previous: 27.3659}} 6  
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x0 = if(peaksign(y)>0, xatymax(x,y), xatymin(x,y)) ''Auto {{previous: 83.4324}}  
[Equation]  
f = a*exp(-.5*((x-x0)/b)^2)  
fit f to y  
''fit f to y with weight reciprocal_y  
''fit f to y with weight reciprocal_ysquare  
''fit f to y with weight reciprocal_x  
''fit f to y with weight reciprocal_xsquare  
''fit f to y with weight reciprocal_pred  
''fit f to y with weight reciprocal_predsqr  
''fit f to y with weight weight_Cauchy  
[Constraints]  
b>0  
[Options]  
tolerance=1e-10  
stepsize=1  
iterations=200  
Number of Iterations Performed = 8  
Nonlinear Regression Wednesday, October 01, 2014, 14:40:03  
Data Source: Data 1 in Notebook1  
Equation: Peak, Gaussian, 3 Parameter  
f = a*exp(-.5*((x-x0)/b)^2)  
R Rsqr Adj Rsqr Standard Error of Estimate  
0.9987 0.9973 0.9946 1.8320  
Coefficient Std. Error t P  
a 70.7328 6.3884 11.0720 0.0081  
b 16.7163 1.7671 9.4596 0.0110  
x0 59.4023 0.5206 114.1074 <0.0001  
Analysis of Variance:  
DF SS MS  
Regression 3 4483.5463 1494.5154  
Residual 2 6.7124 3.3562  
Total 5 4490.2587 898.0517  
Corrected for the mean of the observations:  
DF SS MS F P  
Regression 2 2483.5463 1241.7731 369.9944 0.0027  
Residual 2 6.7124 3.3562  
Total 4 2490.2587 622.5647  
Statistical Tests:  
Normality Test (Shapiro-Wilk) Passed (P = 0.7462)  
W Statistic= 0.9513 Significance Level = 0.0500  
Constant Variance Test Passed (P = 0.0500) 7  
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Fit Equation Description:  
[Variables]  
x = col(13)  
y = col(14)  
reciprocal_y = 1/abs(y)  
reciprocal_ysquare = 1/y^2  
reciprocal_x = 1/abs(x)  
reciprocal_xsquare = 1/x^2  
reciprocal_pred = 1/abs(f)  
reciprocal_predsqr = 1/f^2  
weight_Cauchy = 1/(1+4*(y-f)^2)  
'Automatic Initial Parameter Estimate Functions  
peaksign(q) = if(total(q)>q[1], 1, -1)  
xatymin(q,r) = xatymax(q,max(r)-r)  
[Parameters]  
a = if(peaksign(y)>0, max(y), min(y)) ''Auto {{previous: 70.7328}}  
b = if(fwhm(x,abs(y))<>0, fwhm(x,abs(y))/2.2, 1) ''Auto {{previous: 16.7163}}  
x0 = if(peaksign(y)>0, xatymax(x,y), xatymin(x,y)) ''Auto {{previous: 59.4023}}  
[Equation]  
f = a*exp(-.5*((x-x0)/b)^2)  
fit f to y  
''fit f to y with weight reciprocal_y  
''fit f to y with weight reciprocal_ysquare  
''fit f to y with weight reciprocal_x  
''fit f to y with weight reciprocal_xsquare  
''fit f to y with weight reciprocal_pred  
''fit f to y with weight reciprocal_predsqr  
''fit f to y with weight weight_Cauchy  
[Constraints]  
b>0  
[Options]  
tolerance=1e-10  
stepsize=1  
iterations=200  
Number of Iterations Performed = 10  
Nonlinear Regression Wednesday, October 01, 2014, 14:40:45  
Data Source: Data 1 in Notebook1  
Equation: Peak, Gaussian, 3 Parameter  
f = a*exp(-.5*((x-x0)/b)^2)  
R Rsqr Adj Rsqr Standard Error of Estimate  
0.9995 0.9990 0.9971 1.2587  
Coefficient Std. Error t P  
a 56.0398 1.5335 36.5445 0.0174  
b 22.7042 0.8710 26.0667 0.0244  
x0 62.8918 0.6285 100.0708 0.0064  
Analysis of Variance: 8  
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DF SS MS  
Regression 3 4152.9486 1384.3162  
Residual 1 1.5843 1.5843  
Total 4 4154.5329 1038.6332  
Corrected for the mean of the observations:  
DF SS MS F P  
Regression 2 1652.9486 826.4743 521.6608 0.0309  
Residual 1 1.5843 1.5843  
Total 3 1654.5329 551.5110  
Statistical Tests:  
Normality Test (Shapiro-Wilk) Passed (P = 0.1943)  
W Statistic= 0.8396 Significance Level = 0.0500  
Constant Variance Test passed (P = <0.0001)  
Fit Equation Description:  
[Variables]  
x = col(11)  
y = col(12)  
reciprocal_y = 1/abs(y)  
reciprocal_ysquare = 1/y^2  
reciprocal_x = 1/abs(x)  
reciprocal_xsquare = 1/x^2  
reciprocal_pred = 1/abs(f)  
reciprocal_predsqr = 1/f^2  
weight_Cauchy = 1/(1+4*(y-f)^2)  
'Automatic Initial Parameter Estimate Functions  
peaksign(q) = if(total(q)>q[1], 1, -1)  
xatymin(q,r) = xatymax(q,max(r)-r)  
[Parameters]  
a = if(peaksign(y)>0, max(y), min(y)) ''Auto {{previous: 56.0398}}  
b = if(fwhm(x,abs(y))<>0, fwhm(x,abs(y))/2.2, 1) ''Auto {{previous: 22.7042}}  
x0 = if(peaksign(y)>0, xatymax(x,y), xatymin(x,y)) ''Auto {{previous: 62.8918}}  
[Equation]  
f = a*exp(-.5*((x-x0)/b)^2)  
fit f to y  
''fit f to y with weight reciprocal_y  
''fit f to y with weight reciprocal_ysquare  
''fit f to y with weight reciprocal_x  
''fit f to y with weight reciprocal_xsquare  
''fit f to y with weight reciprocal_pred  
''fit f to y with weight reciprocal_predsqr  
''fit f to y with weight weight_Cauchy  
[Constraints]  
b>0  
[Options]  
tolerance=1e-10  
stepsize=1  
iterations=200  
Number of Iterations Performed = 7 
Appendix 5.2  
 
Nonlinear Regression   Wednesday, October 01, 2014, 14:49:50 
 
Data Source: Data 1 in Notebook1 
Equation: Polynomial, Linear 
f = y0+a*x 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.9979 0.9959 0.9948  0.0054  
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  Coefficient Std. Error t P  
 
y0 -0.0160 0.0037 -4.2936 0.0127  
a 3.7533 0.1208 31.0808 <0.0001  
 
Analysis of Variance:  
 
  DF SS MS  
Regression 2 0.0638 0.0319  
Residual 4 0.0001 2.9535E-005  
Total 6 0.0639 0.0107  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression 1 0.0285 0.0285 966.0185 <0.0001  
Residual 4 0.0001 2.9535E-005  
Total 5 0.0286 0.0057  
 
Statistical Tests: 
 
Normality Test (Shapiro-Wilk) Passed (P = 0.8495) 
 W Statistic= 0.9639 Significance Level = 0.0500 
 
Constant Variance Test  Passed (P = 0.0600) 
 
Fit Equation Description: 
[Variables] 
x = col(1) 
y = col(2) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
reciprocal_x = 1/abs(x) 
reciprocal_xsquare = 1/x^2 
reciprocal_pred = 1/abs(f) 
reciprocal_predsqr = 1/f^2 
weight_Cauchy = 1/(1+4*(y-f)^2) 
'Automatic Initial Parameter Estimate Functions 
F(q) = ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: -0.0159512}} {{MinRange: -12.3}} {{MaxRange: 36.9}} 
a = F(0)[2] ''Auto {{previous: 3.75326}} {{MinRange: -4.5}} {{MaxRange: 1.5}} 
[Equation] 
f = y0+a*x 
fit f to y 
''fit f to y with weight reciprocal_y 
''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_x 
''fit f to y with weight reciprocal_xsquare 
''fit f to y with weight reciprocal_pred 
''fit f to y with weight reciprocal_predsqr 
''fit f to y with weight weight_Cauchy 
[Constraints] 
[Options] 
tolerance=1e-10 
stepsize=10 
iterations=200 
 
Number of Iterations Performed = 1 
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Appendix 5.3  
Nonlinear Regression   Wednesday, October 01, 2014, 15:50:51 
 
Data Source: Data 1 in Notebook1 
Equation: Peak, Gaussian, 3 Parameter  
f = a*exp(-.5*((x-x0)/b)^2) 
 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.9997 0.9994 0.9988  1.0056  
 
  Coefficient Std. Error t P  
 
a 47636.5918 521554.0965 0.0913 0.9356  
b 5.1031 3.8415 1.3284 0.3153  
x0 -17.6220 29.3353 -0.6007 0.6090  
 
Analysis of Variance:  
 
  DF SS MS  
Regression 3 5437.4305 1812.4768  
Residual 2 2.0226 1.0113  
Total 5 5439.4531 1087.8906  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression 2 3437.4305 1718.7152 1699.4868 0.0006  
Residual 2 2.0226 1.0113  
Total 4 3439.4531 859.8633  
 
Statistical Tests: 
 
Normality Test (Shapiro-Wilk) Passed (P = 0.8911) 
 W Statistic= 0.9725 Significance Level = 0.0500 
 
Constant Variance Test  Passed (P = 0.0500) 
 
Fit Equation Description: 
[Variables] 
x = col(5) 
y = col(4) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
reciprocal_x = 1/abs(x) 
reciprocal_xsquare = 1/x^2 
reciprocal_pred = 1/abs(f) 
reciprocal_predsqr = 1/f^2 
weight_Cauchy = 1/(1+4*(y-f)^2) 
'Automatic Initial Parameter Estimate Functions 
peaksign(q) = if(total(q)>q[1], 1, -1) 
xatymin(q,r) = xatymax(q,max(r)-r) 
[Parameters] 
a = if(peaksign(y)>0, max(y), min(y)) ''Auto {{previous: 47636.6}} 
b = if(fwhm(x,abs(y))<>0, fwhm(x,abs(y))/2.2, 1) ''Auto {{previous: 5.10313}} 
x0 = if(peaksign(y)>0, xatymax(x,y), xatymin(x,y)) ''Auto {{previous: -17.622}} 
[Equation] 
f = a*exp(-.5*((x-x0)/b)^2) 
fit f to y 
''fit f to y with weight reciprocal_y 
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''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_x 
''fit f to y with weight reciprocal_xsquare 
''fit f to y with weight reciprocal_pred 
''fit f to y with weight reciprocal_predsqr 
''fit f to y with weight weight_Cauchy 
[Constraints] 
b>0 
[Options] 
tolerance=1e-10 
stepsize=1 
iterations=200 
 
Number of Iterations Performed = 200 
 
Nonlinear Regression   Wednesday, October 01, 2014, 15:49:20 
 
Data Source: Data 1 in Notebook1 
Equation: Peak, Gaussian, 3 Parameter  
f = a*exp(-.5*((x-x0)/b)^2) 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.9971 0.9943 0.9886  2.1419  
 
  Coefficient Std. Error t P  
 
a 47.0373 2.1791 21.5852 0.0021  
b 1.5598 0.1354 11.5241 0.0074  
x0 1.5646 0.1153 13.5743 0.0054  
 
Analysis of Variance:  
 
  DF SS MS  
Regression 3 3594.5394 1198.1798  
Residual 2 9.1752 4.5876  
Total 5 3603.7147 720.7429  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression 2 1594.5394 797.2697 173.7876 0.0057  
Residual 2 9.1752 4.5876  
Total 4 1603.7147 400.9287  
 
Statistical Tests: 
 
Normality Test (Shapiro-Wilk) Passed (P = 0.1824) 
 W Statistic= 0.8461 Significance Level = 0.0500 
 
Constant Variance Test  Passed (P = 0.0500) 
 
Fit Equation Description: 
[Variables] 
x = col(5) 
y = col(6) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
reciprocal_x = 1/abs(x) 
reciprocal_xsquare = 1/x^2 
reciprocal_pred = 1/abs(f) 
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reciprocal_predsqr = 1/f^2 
weight_Cauchy = 1/(1+4*(y-f)^2) 
'Automatic Initial Parameter Estimate Functions 
peaksign(q) = if(total(q)>q[1], 1, -1) 
xatymin(q,r) = xatymax(q,max(r)-r) 
[Parameters] 
a = if(peaksign(y)>0, max(y), min(y)) ''Auto {{previous: 47.0373}} 
b = if(fwhm(x,abs(y))<>0, fwhm(x,abs(y))/2.2, 1) ''Auto {{previous: 1.55982}} 
x0 = if(peaksign(y)>0, xatymax(x,y), xatymin(x,y)) ''Auto {{previous: 1.56458}} 
[Equation] 
f = a*exp(-.5*((x-x0)/b)^2) 
fit f to y 
''fit f to y with weight reciprocal_y 
''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_x 
''fit f to y with weight reciprocal_xsquare 
''fit f to y with weight reciprocal_pred 
''fit f to y with weight reciprocal_predsqr 
''fit f to y with weight weight_Cauchy 
[Constraints] 
b>0 
[Options] 
tolerance=1e-10 
stepsize=1 
iterations=200 
 
Number of Iterations Performed = 10 
 
 
Appendix 5.4 and 5.5 
 
Nonlinear Regression   Tuesday, September 30, 2014, 15:10:22 
 
Data Source: Data 5 in First attemt to replot Figure 76 
Equation: Peak, Gaussian, 3 Parameter  
f = a*exp(-.5*((x-x0)/b)^2) 
 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.6814 0.4642 0.1964  9.9384  
 
  Coefficient Std. Error t P  
 
a 22.8121 6.8369 3.3366 0.0289  
b 19.4658 7.9383 2.4521 0.0703  
x0 60.3633 6.8865 8.7654 0.0009  
 
Analysis of Variance:  
 
  DF SS MS  
Regression 3 1770.9150 590.3050  
Residual 4 395.0850 98.7713  
Total 7 2166.0000 309.4286  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression 2 342.3436 171.1718 1.7330 0.2870  
Residual 4 395.0850 98.7713  
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Total 6 737.4286 122.9048  
 
Statistical Tests: 
 
Normality Test (Shapiro-Wilk) Passed (P = 0.5347) 
 W Statistic= 0.9281 Significance Level = 0.0500 
 
Constant Variance Test  Passed (P = 0.6602) 
 
Fit Equation Description: 
[Variables] 
x = col(4) 
y = col(5) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
reciprocal_x = 1/abs(x) 
reciprocal_xsquare = 1/x^2 
reciprocal_pred = 1/abs(f) 
reciprocal_predsqr = 1/f^2 
weight_Cauchy = 1/(1+4*(y-f)^2) 
'Automatic Initial Parameter Estimate Functions 
peaksign(q) = if(total(q)>q[1], 1, -1) 
xatymin(q,r) = xatymax(q,max(r)-r) 
[Parameters] 
a = if(peaksign(y)>0, max(y), min(y)) ''Auto {{previous: 22.8121}} 
b = if(fwhm(x,abs(y))<>0, fwhm(x,abs(y))/2.2, 1) ''Auto {{previous: 19.4658}} 
x0 = if(peaksign(y)>0, xatymax(x,y), xatymin(x,y)) ''Auto {{previous: 60.3633}} 
[Equation] 
f = a*exp(-.5*((x-x0)/b)^2) 
fit f to y 
''fit f to y with weight reciprocal_y 
''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_x 
''fit f to y with weight reciprocal_xsquare 
''fit f to y with weight reciprocal_pred 
''fit f to y with weight reciprocal_predsqr 
''fit f to y with weight weight_Cauchy 
[Constraints] 
b>0 
[Options] 
tolerance=1e-10 
stepsize=1 
iterations=200 
''iterations=200 
 
Number of Iterations Performed = 18 
 
Nonlinear Regression   Tuesday, September 30, 2014, 15:02:05 
 
Data Source: Data 5 in First attemt to replot Figure 76 
Equation: Peak, Gaussian, 3 Parameter  
f = a*exp(-.5*((x-x0)/b)^2) 
 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.9883 0.9768 0.9652  2.6545  
 
  Coefficient Std. Error t P  
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a 35.9951 2.2884 15.7297 <0.0001  
b 11.3872 0.8361 13.6197 0.0002  
x0 36.2181 0.8360 43.3214 <0.0001  
 
Analysis of Variance:  
 
  DF SS MS  
Regression 3 2615.0288 871.6763  
Residual 4 28.1854 7.0463  
Total 7 2643.2141 377.6020  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression 2 1186.4574 593.2287 84.1896 0.0005  
Residual 4 28.1854 7.0463  
Total 6 1214.6427 202.4405  
 
Statistical Tests: 
 
Normality Test (Shapiro-Wilk) Passed (P = 0.3543) 
 W Statistic= 0.9038 Significance Level = 0.0500 
 
Constant Variance Test  Passed (P = 0.5453) 
 
Fit Equation Description: 
[Variables] 
x = col(13) 
y = col(14) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
reciprocal_x = 1/abs(x) 
reciprocal_xsquare = 1/x^2 
reciprocal_pred = 1/abs(f) 
reciprocal_predsqr = 1/f^2 
weight_Cauchy = 1/(1+4*(y-f)^2) 
'Automatic Initial Parameter Estimate Functions 
peaksign(q) = if(total(q)>q[1], 1, -1) 
xatymin(q,r) = xatymax(q,max(r)-r) 
[Parameters] 
a = if(peaksign(y)>0, max(y), min(y)) ''Auto {{previous: 35.9951}} 
b = if(fwhm(x,abs(y))<>0, fwhm(x,abs(y))/2.2, 1) ''Auto {{previous: 11.3872}} 
x0 = if(peaksign(y)>0, xatymax(x,y), xatymin(x,y)) ''Auto {{previous: 36.2181}} 
[Equation] 
f = a*exp(-.5*((x-x0)/b)^2) 
fit f to y 
''fit f to y with weight reciprocal_y 
''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_x 
''fit f to y with weight reciprocal_xsquare 
''fit f to y with weight reciprocal_pred 
''fit f to y with weight reciprocal_predsqr 
''fit f to y with weight weight_Cauchy 
[Constraints] 
b>0 
[Options] 
tolerance=1e-10 
stepsize=1 
iterations=200 
''iterations=200 
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Number of Iterations Performed = 7 
 
Nonlinear Regression   Tuesday, September 30, 2014, 15:01:37 
 
Data Source: Data 5 in First attemt to replot Figure 76 
Equation: Peak, Gaussian, 3 Parameter  
f = a*exp(-.5*((x-x0)/b)^2) 
 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.8702 0.7573 0.5955  10.2031  
 
  Coefficient Std. Error t P  
 
a 35.0878 8.5682 4.0951 0.0263  
b 12.1081 3.4599 3.4995 0.0395  
x0 42.1940 3.4079 12.3811 0.0011  
 
Analysis of Variance:  
 
  DF SS MS  
Regression 3 2641.2871 880.4290  
Residual 3 312.3119 104.1040  
Total 6 2953.5990 492.2665  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression 2 974.6205 487.3102 4.6810 0.1195  
Residual 3 312.3119 104.1040  
Total 5 1286.9324 257.3865  
 
Statistical Tests: 
 
Normality Test (Shapiro-Wilk) Passed (P = 0.2239) 
 W Statistic= 0.8694 Significance Level = 0.0500 
 
Constant Variance Test  Passed (P = 0.0580) 
 
Fit Equation Description: 
[Variables] 
x = col(10) 
y = col(11) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
reciprocal_x = 1/abs(x) 
reciprocal_xsquare = 1/x^2 
reciprocal_pred = 1/abs(f) 
reciprocal_predsqr = 1/f^2 
weight_Cauchy = 1/(1+4*(y-f)^2) 
'Automatic Initial Parameter Estimate Functions 
peaksign(q) = if(total(q)>q[1], 1, -1) 
xatymin(q,r) = xatymax(q,max(r)-r) 
[Parameters] 
a = if(peaksign(y)>0, max(y), min(y)) ''Auto {{previous: 35.0878}} 
b = if(fwhm(x,abs(y))<>0, fwhm(x,abs(y))/2.2, 1) ''Auto {{previous: 12.1081}} 
x0 = if(peaksign(y)>0, xatymax(x,y), xatymin(x,y)) ''Auto {{previous: 42.194}} 
[Equation] 
f = a*exp(-.5*((x-x0)/b)^2) 
fit f to y 
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''fit f to y with weight reciprocal_y 
''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_x 
''fit f to y with weight reciprocal_xsquare 
''fit f to y with weight reciprocal_pred 
''fit f to y with weight reciprocal_predsqr 
''fit f to y with weight weight_Cauchy 
[Constraints] 
b>0 
[Options] 
tolerance=1e-10 
stepsize=1 
iterations=200 
''iterations=200 
 
Number of Iterations Performed = 14 
 
Nonlinear Regression   Tuesday, September 30, 2014, 15:00:58 
 
Data Source: Data 5 in First attemt to replot Figure 76 
Equation: Peak, Gaussian, 3 Parameter  
f = a*exp(-.5*((x-x0)/b)^2) 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.8948 0.8006 0.6677  8.8089  
  Coefficient Std. Error t P  
 
a 35.0684 7.4409 4.7129 0.0181  
b 11.9367 2.9512 4.0447 0.0272  
x0 50.6445 2.9197 17.3455 0.0004  
 
Analysis of Variance:  
 
  DF SS MS  
Regression 3 2601.4195 867.1398  
Residual 3 232.7884 77.5961  
Total 6 2834.2078 472.3680  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression 2 934.7528 467.3764 6.0232 0.0890  
Residual 3 232.7884 77.5961  
Total 5 1167.5412 233.5082  
 
Statistical Tests: 
 
Normality Test (Shapiro-Wilk) Passed (P = 0.1124) 
 W Statistic= 0.8323 Significance Level = 0.0500 
 
Constant Variance Test  Passed (P = 0.0600) 
 
Fit Equation Description: 
[Variables] 
x = col(7) 
y = col(8) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
reciprocal_x = 1/abs(x) 
reciprocal_xsquare = 1/x^2 
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reciprocal_pred = 1/abs(f) 
reciprocal_predsqr = 1/f^2 
weight_Cauchy = 1/(1+4*(y-f)^2) 
'Automatic Initial Parameter Estimate Functions 
peaksign(q) = if(total(q)>q[1], 1, -1) 
xatymin(q,r) = xatymax(q,max(r)-r) 
[Parameters] 
a = if(peaksign(y)>0, max(y), min(y)) ''Auto {{previous: 35.0684}} 
b = if(fwhm(x,abs(y))<>0, fwhm(x,abs(y))/2.2, 1) ''Auto {{previous: 11.9367}} 
x0 = if(peaksign(y)>0, xatymax(x,y), xatymin(x,y)) ''Auto {{previous: 50.6445}} 
[Equation] 
f = a*exp(-.5*((x-x0)/b)^2) 
fit f to y 
''fit f to y with weight reciprocal_y 
''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_x 
''fit f to y with weight reciprocal_xsquare 
''fit f to y with weight reciprocal_pred 
''fit f to y with weight reciprocal_predsqr 
''fit f to y with weight weight_Cauchy 
[Constraints] 
b>0 
[Options] 
tolerance=1e-10 
stepsize=1 
iterations=200 
''iterations=200 
 
Number of Iterations Performed = 11 
 
Nonlinear Regression   Tuesday, September 30, 2014, 15:00:36 
 
Data Source: Data 5 in First attemt to replot Figure 76 
Equation: Peak, Gaussian, 3 Parameter  
f = a*exp(-.5*((x-x0)/b)^2) 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.7227 0.5223 0.2835  11.2862  
 
  Coefficient Std. Error t P  
 
a 27.0004 8.5662 3.1520 0.0344  
b 15.5199 6.3833 2.4313 0.0719  
x0 54.7316 5.8241 9.3974 0.0007  
 
Analysis of Variance:  
 
  DF SS MS  
Regression 3 1985.7607 661.9202  
Residual 4 509.5134 127.3783  
Total 7 2495.2741 356.4677  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression 2 557.1893 278.5946 2.1871 0.2282  
Residual 4 509.5134 127.3783  
Total 6 1066.7027 177.7838  
 
Statistical Tests: 
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Normality Test (Shapiro-Wilk) Passed (P = 0.8824) 
 W Statistic= 0.9678 Significance Level = 0.0500 
 
Constant Variance Test  Passed (P = 0.2965) 
 
Fit Equation Description: 
[Variables] 
x = col(4) 
y = col(5) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
reciprocal_x = 1/abs(x) 
reciprocal_xsquare = 1/x^2 
reciprocal_pred = 1/abs(f) 
reciprocal_predsqr = 1/f^2 
weight_Cauchy = 1/(1+4*(y-f)^2) 
'Automatic Initial Parameter Estimate Functions 
peaksign(q) = if(total(q)>q[1], 1, -1) 
xatymin(q,r) = xatymax(q,max(r)-r) 
[Parameters] 
a = if(peaksign(y)>0, max(y), min(y)) ''Auto {{previous: 27.0004}} 
b = if(fwhm(x,abs(y))<>0, fwhm(x,abs(y))/2.2, 1) ''Auto {{previous: 15.5199}} 
x0 = if(peaksign(y)>0, xatymax(x,y), xatymin(x,y)) ''Auto {{previous: 54.7316}} 
[Equation] 
f = a*exp(-.5*((x-x0)/b)^2) 
fit f to y 
''fit f to y with weight reciprocal_y 
''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_x 
''fit f to y with weight reciprocal_xsquare 
''fit f to y with weight reciprocal_pred 
''fit f to y with weight reciprocal_predsqr 
''fit f to y with weight weight_Cauchy 
[Constraints] 
b>0 
[Options] 
tolerance=1e-10 
stepsize=1 
iterations=200 
''iterations=200 
 
Number of Iterations Performed = 18 
 
 
Appendix 5.6 
Statistical analysis for equation 69  
 
Nonlinear Regression   Wednesday, October 01, 2014, 16:08:01 
 
Data Source: Data 1 in Notebook1 
Equation: Polynomial, Linear 
f = y0+a*x 
 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.9959 0.9918 0.9891  0.0045  
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  Coefficient Std. Error t P  
 
y0 -0.0129 0.0040 -3.2357 0.0480  
a 0.9253 0.0485 19.0982 0.0003  
 
Analysis of Variance:  
 
  DF SS MS  
Regression 2 0.0213 0.0107  
Residual 3 6.0133E-005 2.0044E-005  
Total 5 0.0214 0.0043  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression 1 0.0073 0.0073 364.7401 0.0003  
Residual 3 6.0133E-005 2.0044E-005  
Total 4 0.0074 0.0018  
 
Statistical Tests: 
 
Normality Test (Shapiro-Wilk) Passed (P = 0.5820) 
 W Statistic= 0.9279 Significance Level = 0.0500 
 
Constant Variance Test  Passed (P = 0.0500) 
 
Fit Equation Description: 
[Variables] 
x = col(1) 
y = col(4) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
reciprocal_x = 1/abs(x) 
reciprocal_xsquare = 1/x^2 
reciprocal_pred = 1/abs(f) 
reciprocal_predsqr = 1/f^2 
weight_Cauchy = 1/(1+4*(y-f)^2) 
'Automatic Initial Parameter Estimate Functions 
F(q) = ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: -0.0128952}} {{MinRange: -12.3}} {{MaxRange: 36.9}} 
a = F(0)[2] ''Auto {{previous: 0.925315}} {{MinRange: -4.5}} {{MaxRange: 1.5}} 
[Equation] 
f = y0+a*x 
fit f to y 
''fit f to y with weight reciprocal_y 
''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_x 
''fit f to y with weight reciprocal_xsquare 
''fit f to y with weight reciprocal_pred 
''fit f to y with weight reciprocal_predsqr 
''fit f to y with weight weight_Cauchy 
[Constraints] 
[Options] 
tolerance=1e-10 
stepsize=10 
iterations=200 
 
Number of Iterations Performed = 1 
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Appendix 5.7  
 
Statistical analysis for Equation 70 
Nonlinear Regression   Wednesday, October 01, 2014, 16:29:27 
 
Data Source: Data 1 in Notebook1 
Equation: Power, 2 Parameter  
f = a*x^b 
 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.9999 0.9997 0.9996  6.5993  
 
  Coefficient Std. Error t P  
 
a 5886.2986 237.2131 24.8144 <0.0001  
b 1.4798 0.0275 53.8857 <0.0001  
 
Analysis of Variance:  
 
  DF SS MS  
Regression 2 1118179.7983 559089.8991  
Residual 4 174.2017 43.5504  
Total 6 1118354.0000 186392.3333  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression 1 588925.7983 588925.7983 13522.8459 <0.0001  
Residual 4 174.2017 43.5504  
Total 5 589100.0000 117820.0000  
 
Statistical Tests: 
 
Normality Test (Shapiro-Wilk) Passed (P = 0.4404) 
 W Statistic= 0.9106 Significance Level = 0.0500 
 
Constant Variance Test  Passed (P = 0.0600) 
 
Fit Equation Description: 
[Variables] 
x = col(2) 
y = col(1) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
reciprocal_x = 1/abs(x) 
reciprocal_xsquare = 1/x^2 
reciprocal_pred = 1/abs(f) 
reciprocal_predsqr = 1/f^2 
weight_Cauchy = 1/(1+4*(y-f)^2) 
[Parameters] 
a = mean(y) ''Auto {{previous: 5886.3}} 
b = 1 ''Auto {{previous: 1.47983}} 
[Equation] 
f = a*x^b 
fit f to y 
''fit f to y with weight reciprocal_y 
''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_x 
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''fit f to y with weight reciprocal_xsquare 
''fit f to y with weight reciprocal_pred 
''fit f to y with weight reciprocal_predsqr 
''fit f to y with weight weight_Cauchy 
[Constraints] 
b>0 
[Options] 
tolerance=1e-10 
stepsize=1 
iterations=200 
 
Number of Iterations Performed = 12 
 
Appendix 5.8 
Statistical analysis for Figure 7-28 
 
Nonlinear Regression   Wednesday, October 01, 2014, 16:32:21 
 
Data Source: Data 2 in Notebook1 
Equation: Polynomial, Linear 
f = y0+a*x 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.9988 0.9976 0.9970  0.1463  
 Coefficient Std. Error t P  
 
y0 -0.0835 0.0900 -0.9275 0.4062  
a 24.7562 0.6031 41.0458 <0.0001  
Analysis of Variance:  
  DF SS MS  
Regression 2 79.1820 39.5910  
Residual 4 0.0856 0.0214  
Total 6 79.2676 13.2113  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression 1 36.0570 36.0570 1684.7566 <0.0001  
Residual 4 0.0856 0.0214  
Total 5 36.1426 7.2285  
 
Statistical Tests: 
 
Normality Test (Shapiro-Wilk) Passed (P = 0.0126) 
 W Statistic= 0.7298 Significance Level = 0.0500 
 
Constant Variance Test  Passed (P = 0.0600) 
 
Fit Equation Description: 
[Variables] 
x = col(1) 
y = col(2) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
reciprocal_x = 1/abs(x) 
reciprocal_xsquare = 1/x^2 
reciprocal_pred = 1/abs(f) 
reciprocal_predsqr = 1/f^2 
weight_Cauchy = 1/(1+4*(y-f)^2) 
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'Automatic Initial Parameter Estimate Functions 
F(q) = ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: -0.0834875}} {{MinRange: -12.3}} {{MaxRange: 36.9}} 
a = F(0)[2] ''Auto {{previous: 24.7562}} {{MinRange: -4.5}} {{MaxRange: 1.5}} 
[Equation] 
f = y0+a*x 
fit f to y 
''fit f to y with weight reciprocal_y 
''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_x 
''fit f to y with weight reciprocal_xsquare 
''fit f to y with weight reciprocal_pred 
''fit f to y with weight reciprocal_predsqr 
''fit f to y with weight weight_Cauchy 
[Constraints] 
[Options] 
tolerance=1e-10 
stepsize=10 
iterations=200 
 
Number of Iterations Performed = 1 
 
APPENDIX  5.9 
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t-test Wednesday, October 01, 2014, 17:02:56 
Data source: Data 2 in Notebook1 
Normality Test (Shapiro-Wilk):  Passed (P = 0.227) 
Equal Variance Test (Brown-Forsythe): Passed (P = 0.602) 
Group Name  N  Missing Mean Std Dev
 SEM  
Sucrose Run 1   11 0 103.755 62.652 18.890 
Sucrose Run 3   11 0 108.584 68.045 20.516 
Difference -4.828 
t = -0.173  with 20 degrees of freedom.  
95 percent two-tailed confidence interval for difference of 
means: -63.002 to 53.346 
Two-tailed P-value = 0.864 
The difference in the mean values of the two groups is not 
great enough to reject the possibility that the difference is 
due to random sampling variability. There is not a 
statistically significant difference between the input groups 
(P = 0.864). 
One-tailed P-value = 0.432 
The sample mean of group Col 2 does not exceed the 
sample mean of the group Col 4 by an amount great enough 
to exclude the possibility that the difference is due to 
random sampling variability. The hypothesis that the 
population mean of group Col 4 is greater than or equal to 
the population mean of group Col 2 cannot be rejected. (P = 
0.432). 
Power of performed two-tailed test with alpha = 0.050: 
0.053 
The power of the performed test (0.053) is below the 
desired power of 0.800. 
Less than desired power indicates you are less likely to 
detect a difference when one actually exists. Negative 
results should be interpreted cautiously. 
Power of performed one-tailed test with alpha = 0.050: 
0.070 
The power of the performed test (0.070) is below the 
desired power of 0.800. 
Less than desired power indicates you are less likely to 
detect a difference when one actually exists. Negative 
results should be interpreted cautiously. 
Kruskal-Wallis One Way Analysis of Variance on 
Ranks Wednesday, October 01, 2014, 16:44:05 
 
Data source: Data 1 in Notebook1 
 
One Way Analysis of Variance Wednesday, October 01, 2014, 16:44:05 
 
Data source: Data 1 in Notebook1 
 
Group Name  N  Missing Mean Std Dev
 SEM  
Sucrose Run 1 11 0 108.584 68.045
 20.516  
Sucrose Run 2 11 0 100.418 68.509
 20.656  
Sucrose Run 3 11 0 103.755 62.652
 18.890  
 
Source of Variation DF   SS   MS    F    P   
Between Groups       2 370.786 185.393 0.0420 0.959  
Residual                  30 132488.462 4416.282    
Total                        32 132859.248     
 
The differences in the mean values among the 
treatment groups are not great enough to exclude the 
possibility that the difference is due to random 
sampling variability; there is not a statistically 
significant difference  (P = 0.959). 
 
Power of performed test with alpha = 0.050: --results 
should be interpreted cautiously. 
 
t-test Wednesday, October 01, 2014, 17:01:06 
Data source: Data 2 in Noteb ok1 
Normality Test (Shapiro-Wilk): Passed (P = 0.384) 
Equal Variance Test (Brown-Forsythe): Passed(P = 0.874) 
Group Name  N  Missing Mean Std Dev
 SEM  
Sucrose Run 1   11 0 108.584 68.045    20.516  
Sucrose Run 2   11 0 100.418 68.509    20.656  
Difference 8.165 
t = 0.280  with 20 degrees of freedom.  
95 percent two-tailed confidence interval for difference of 
means: -52.564 to 68.895 
Two-tailed P-value = 0.782 
The difference in the mean values of the two groups is not 
great enough to reject the possibility that the difference is 
due to random sampling variability. There is not a 
statistically significant difference between the input groups 
(P = 0.782). 
One-tailed P-value = 0.391 
The sample mean of group Sucrose Run 1 does not exceed 
the sample mean of the group Sucrose Run 2 by an amount 
great enough to exclude the possibility that the difference 
is due to random sampling variability. The hypothesis that 
the population mean of group Sucrose Run 2 is greater than 
or equal to the population mean of group Sucrose Run 1 
cannot be rejected. (P = 0.391). 
Power of performed two-tailed test with alpha = 0.050: 
0.058 
The power of the performed test (0.058) is below the 
desired power of 0.800. 
Less than desired power indicates you are less likely to 
detect a difference when one actually exists. Negative 
results should be interpreted cautiously. 
Power of performed one-tailed test with alpha = 0.050: 
0.085 
The power of the performed test (0.085) is below the 
desired power of 0.800. 
Less than desired power indicates you are less likely to 
detect a difference when one actually exists. Negative 
results should be interpreted cautiously. 
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Appendix 5.10 
 
t-test For Lysozyme Max Stress at failure Saturday, October 04, 2014, 17:19:40 
Data source: Data 1 in Notebook1 
Normality Test (Shapiro-Wilk): Passed(P = 0.784) 
Equal Variance Test (Brown-Forsythe):Passed
 (P = 0.384) 
 
Group Name N Missing   Mean Std Dev SEM  
Lyso 0.09 CS  6      0        31.587     12.904        5.268  
Lyso 0.9 CS   6       0 34.600 8.732 3.565 
 
Difference -3.013 
 
t = -0.474  with 10 degrees of freedom.  
 
95 percent two-tailed confidence interval for 
difference of means: -17.186 to 11.160 
 
Two-tailed P-value = 0.646 
 
The difference in the mean values of the two groups is 
not great enough to reject the possibility that the 
difference is due to random sampling variability. There 
is not a statistically significant difference between the 
input groups (P = 0.646). 
 
One-tailed P-value = 0.323 
 
The sample mean of group Lyso 0.9 CS does not 
exceed the sample mean of the group Lyso 0.09 CS by 
an amount great enough to exclude the possibility that 
the difference is due to random sampling variability. 
The hypothesis that the population mean of group 
Lyso 0.09 CS is greater than or equal to the population 
mean of group Lyso 0.9 CS cannot be rejected. (P = 
0.323). 
 
Power of performed two-tailed test with alpha = 0.050: 
0.071 
 
The power of the performed test (0.071) is below the 
desired power of 0.800. 
Less than desired power indicates you are less likely to 
detect a difference when one actually exists. Negative 
results should be interpreted cautiously. 
 
Power of performed one-tailed test with alpha = 0.050: 
0.115 
 
The power of the performed test (0.115) is below the 
desired power of 0.800. 
Less than desired power indicates you are less likely to 
detect a difference when one actually exists. Negative 
results should be interpreted cautiously. 
 
 
t-test For Lysozyme Young’s modulus   Saturday, October 04, 2014, 17:15:00 
Data source: Data 1 in Notebook1 
Normality Test (Shapiro-Wilk): Passed(P = 0.951) 
Equal Variance Test (Brown-Forsythe):Passed
 (P = 0.287) 
 
Group Name   N Missing  Mean Std Dev SEM 
LYSO 0.09     6      0       114.875 53.796        21.962 
LYSO 0.9      6       0 164.971 29.745        12.143 
 
Difference -50.096 
 
t = -1.996  with 10 degrees of freedom.  
 
95 percent two-tailed confidence interval for 
difference of means: -106.013 to 5.821 
 
Two-tailed P-value = 0.0739 
 
The difference in the mean values of the two groups is 
not great enough to reject the possibility that the 
difference is due to random sampling variability. 
There is not a statistically significant difference 
between the input groups (P = 0.074). 
 
One-tailed P-value = 0.0369 
 
The sample mean of group LYSO 0.9 Mod exceeds 
the sample mean of group LYSO 0.09 Mod by an 
amount that is greater than would be expected by 
chance, rejecting the hypothesis that the population 
mean of group LYSO 0.09 is greater than or equal to 
the population mean of group LYSO 0.9. (P = 0.037). 
 
Power of performed two-tailed test with alpha = 
0.050: 0.438 
 
Power of performed one-tailed test with alpha = 
0.050: 0.585 
 
 
t-test for BSA Young’s Modulus Saturday, October 04, 2014, 17:45:36 
 
t-test for BSA Maximum stress at failure Saturday, October 04, 2014, 17:05:00 
  
2 
 
Data source: Data 2 in BSA modulus 
 
Normality Test (Shapiro-Wilk):  Failed (P < 
0.050) 
 
Equal Variance Test (Brown-Forsythe): Passed
 (P = 0.580) 
 
Group Name N MissingMean Std Dev SEM  
BSA 0.09 6   0 165.314 48.350       19.739 
BSA 0.9 6   0 201.385 59.633       24.345 
 
Difference -36.070 
 
t = -1.151  with 10 degrees of freedom.  
 
95 percent two-tailed confidence interval for 
difference of means: -105.904 to 33.763 
 
Two-tailed P-value = 0.277 
 
The difference in the mean values of the two groups is 
not great enough to reject the possibility that the 
difference is due to random sampling variability. There 
is not a statistically significant difference between the 
input groups (P = 0.277). 
 
One-tailed P-value = 0.138 
 
The sample mean of group BSA 0.9 does not exceed 
the sample mean of the group BSA 0.09 by an amount 
great enough to exclude the possibility that the 
difference is due to random sampling variability. The 
hypothesis that the population mean of group BSA 
0.09 is greater than or equal to the population mean of 
group BSA 0.9 cannot be rejected. (P = 0.138). 
 
Power of performed two-tailed test with alpha = 0.050: 
0.181 
 
The power of the performed test (0.181) is below the 
desired power of 0.800. 
Less than desired power indicates you are less likely to 
detect a difference when one actually exists. Negative 
results should be interpreted cautiously. 
 
Power of performed one-tailed test with alpha = 0.050: 
0.284 
 
The power of the performed test (0.284) is below the 
desired power of 0.800. 
Less than desired power indicates you are less likely to 
detect a difference when one actually exists. Negative 
results should be interpreted cautiously. 
Data source: Data 1 in BSA Max Stress 
 
Normality Test (Shapiro-Wilk):  Passed (P = 
0.436) 
 
Equal Variance Test (Brown-Forsythe): Passed
 (P = 0.932) 
 
Group Name  N MissingMean Std Dev SEM  
BSA 0.9 6  0 43.385 11.344 4.631 
BSA 0.09 6   0 46.033 13.327 5.441 
 
Difference -2.648 
 
t = -0.371  with 10 degrees of freedom.  
 
95 percent two-tailed confidence interval for 
difference of means: -18.568 to 13.271 
 
Two-tailed P-value = 0.719 
 
The difference in the mean values of the two groups is 
not great enough to reject the possibility that the 
difference is due to random sampling variability. 
There is not a statistically significant difference 
between the input groups (P = 0.719). 
 
One-tailed P-value = 0.359 
 
The sample mean of group BSA 0.09 does not exceed 
the sample mean of the group BSA 0.9 by an amount 
great enough to exclude the possibility that the 
difference is due to random sampling variability. The 
hypothesis that the population mean of group BSA 0.9 
is greater than or equal to the population mean of 
group BSA 0.09 cannot be rejected. (P = 0.359). 
 
Power of performed two-tailed test with alpha = 
0.050: 0.063 
 
The power of the performed test (0.063) is below the 
desired power of 0.800. 
Less than desired power indicates you are less likely 
to detect a difference when one actually exists. 
Negative results should be interpreted cautiously. 
 
Power of performed one-tailed test with alpha = 
0.050: 0.097 
 
The power of the performed test (0.097) is below the 
desired power of 0.800. 
Less than desired power indicates you are less likely 
to detect a difference when one actually exists. 
Negative results should be interpreted cautiously. 
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Appendix 5.11 
 
t-test Saturday, October 04, 2014, 18:48:28 
 
Data source: Data 1 in Notebook1 
 
Normality Test (Shapiro-Wilk):  Failed (P < 0.050) 
 
 
Test execution ended by user request, Rank Sum Test begun 
 
Mann-Whitney Rank Sum Test Saturday, October 04, 2014, 18:48:28 
 
Data source: Data 1 in Notebook1 
 
Group N  Missing  Median    25%      75%     
Sucrose Youngs modulus 6 0 260.500 30.650 664.750  
Trehalose Young's modulus 6 0 241.000 24.100 667.250  
 
Mann-Whitney U Statistic= 17.000 
 
T = 40.000  n(small)= 6  n(big)= 6  P(est.)= 0.936  P(exact)= 0.937 
 
The difference in the median values between the two groups is not great enough to exclude the possibility that 
the difference is due to random sampling variability; there is not a statistically significant difference  (P = 0.937) 
 
 
t-test Saturday, October 04, 2014, 18:52:46 
 
Data source: Data 1 in Notebook1 
 
Normality Test (Shapiro-Wilk):  Passed (P = 0.142) 
 
Equal Variance Test (Brown-Forsythe): Failed (P = 0.421) 
 
Group Name  N  Missing Mean Std Dev SEM  
Lysozyme formulation max stres 6 0 302.500 348.133 142.125  
Sucrose maximum stress at fail 6 0 206.167 229.890 93.852  
 
Difference 96.333 
 
t = 0.566  with 10 degrees of freedom.  
 
95 percent two-tailed confidence interval for difference of means: -283.155 to 475.821 
 
Two-tailed P-value = 0.584 
 
The difference in the mean values of the two groups is not great enough to reject the possibility that the 
difference is due to random sampling variability. There is not a statistically significant difference between the 
input groups (P = 0.584). 
 
One-tailed P-value = 0.292 
 
The sample mean of group Lysozyme formulation max stres does not exceed the sample mean of the group 
Sucrose maximum stress at fail by an amount great enough to exclude the possibility that the difference is due to 
random sampling variability. The hypothesis that the population mean of group Sucrose maximum stress at fail 
is greater than or equal to the population mean of group Lysozyme formulation max stres cannot be rejected. (P 
= 0.292). 
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Power of performed two-tailed test with alpha = 0.050: 0.081 
 
The power of the performed test (0.081) is below the desired power of 0.800. 
Less than desired power indicates you are less likely to detect a difference when one actually exists. Negative 
results should be interpreted cautiously. 
 
Power of performed one-tailed test with alpha = 0.050: 0.132 
 
The power of the performed test (0.132) is below the desired power of 0.800. 
Less than desired power indicates you are less likely to detect a difference when one actually exists. Negative 
results should be interpreted cautiously. 
 
 
 
One Way Repeated Measures Analysis of Variance Saturday, October 04, 2014, 19:00:45 
 
Data source: Data 1 in Notebook1 
 
Normality Test (Shapiro-Wilk):  Passed (P = 0.197) 
 
Equal Variance Test (Brown-Forsythe): Failed (P = 0.256) 
 
Treatment Name  N  Missing Mean Std Dev SEM  
Sucrose Youngs modulus 6 0 331.100 333.502 136.152  
Trehalose Young's modulus 6 0 324.233 339.170 138.465  
Lyso formulation Young's modul 6 0 784.500 803.828 328.161  
 
Source of Variation  DF   SS   MS    F    P   
Between Subjects 5 3625153.611 725030.722    
Between Treatments 2 834928.231 417464.116 5.666 0.023  
Residual 10 736843.022 73684.302    
Total 17 5196924.864     
 
The differences in the mean values among the treatment groups are greater than would be expected by chance; 
there is a statistically significant difference  (P = 0.023). To isolate the group or groups that differ from the 
others use a multiple comparison procedure. 
 
Power of performed test with alpha = 0.050: 0.645 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor:  
Comparison Diff of Means t P P<0.050   
Lyso formula vs. Trehalose Yo 460.267 2.937 0.044 Yes   
Lyso formula vs. Sucrose Youn 453.400 2.893 0.032 Yes   
Sucrose Youn vs. Trehalose Yo 6.867 0.0438 0.966 No   
 
 
Statistical analysis for Figure 10.3 
 
t-test Sunday, October 05, 2014, 11:23:41 
Data source: Data 1 in Notebook1 
Normality Test (Shapiro-Wilk):  Passed (P = 0.622) 
Equal Variance Test (Brown-Forsythe): Passed (P = 0.646) 
Group Name  N  Missing Mean Std Dev SEM  
bioactivity 0.90°C 6 0 71.600 9.291 3.793  
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bioactivity 0.09°C 6 0 91.448 10.756 4.391  
Difference -19.848 
 
t = -3.421  with 10 degrees of freedom.  
95 percent two-tailed confidence interval for difference of means: -32.776 to -6.919 
Two-tailed P-value = 0.00654 
The difference in the mean values of the two groups is greater than would be expected by chance; there is a 
statistically significant difference between the input groups (P = 0.007). 
One-tailed P-value = 0.00327 
The sample mean of group bioactivity 0.09°C exceeds the sample mean of group bioactivity 0.90°C by an 
amount that is greater than would be expected by chance, rejecting the hypothesis that the population mean of 
group bioactivity 0.90°C is greater than or equal to the population mean of group bioactivity 0.09°C. (P = 
0.003). 
Power of performed two-tailed test with alpha = 0.050: 0.868 
Power of performed one-tailed test with alpha = 0.050: 0.937 
 
 
Appendix 5-12 
 
Statistical Analysis for Figure 9-10 
 
 
t-test Sunday, October 05, 2014, 11:43:35 
 
Data source: Data 1 in Notebook1 
 
Normality Test (Shapiro-Wilk):  Passed (P = 0.869) 
 
Equal Variance Test (Brown-Forsythe): Failed (P < 0.050) 
 
Group Name  N  Missing Mean Std Dev SEM  
DOE2BSAS4M6 (0.09 °C/min)__ 11 0 10.146 7.924 2.389  
DOE2BSAS4M6 (0.90 °C/min)_ 11 0 18.817 15.031 4.532  
 
Difference -8.671 
 
t = -1.693  with 20 degrees of freedom.  
 
95 percent two-tailed confidence interval for difference of means: -19.358 to 2.016 
 
Two-tailed P-value = 0.106 
 
The difference in the mean values of the two groups is not great enough to reject the possibility that the 
difference is due to random sampling variability. There is not a statistically significant difference between the 
input groups (P = 0.106). 
 
One-tailed P-value = 0.0530 
 
The sample mean of group DOE2BSAS4M6 (0.90 °C/min)_ does not exceed the sample mean of the group 
DOE2BSAS4M6 (0.09 °C/min)__ by an amount great enough to exclude the possibility that the difference is 
due to random sampling variability. The hypothesis that the population mean of group DOE2BSAS4M6 (0.09 
°C/min)__ is greater than or equal to the population mean of group DOE2BSAS4M6 (0.90 °C/min)_ cannot be 
rejected. (P = 0.053). 
 
Power of performed two-tailed test with alpha = 0.050: 0.364 
 
The power of the performed test (0.364) is below the desired power of 0.800. 
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Less than desired power indicates you are less likely to detect a difference when one actually exists. Negative 
results should be interpreted cautiously. 
 
Power of performed one-tailed test with alpha = 0.050: 0.496 
 
The power of the performed test (0.496) is below the desired power of 0.800. 
Less than desired power indicates you are less likely to detect a difference when one actually exists. Negative 
results should be interpreted cautiously. 
 
 
Appendix 5-13 
 
Statistical analysis for Figure 9-2 
 
One Way Repeated Measures 
Analysis of Variance Sunday, October 05, 2014, 12:03:32 
 
Data source: Data 1 in Notebook1 
 
Normality Test (Shapiro-Wilk): 
 Passed
 (P = 
0.863) 
 
Equal Variance Test (Brown-
Forsythe): Failed
 (P < 
0.050) 
 
 
Test execution ended by user 
request, RM ANOVA on Ranks 
begun 
 
Friedman Repeated Measures 
Analysis of Variance on Ranks Sunday, October 05, 2014, 12:03:32 
 
Data source: Data 1 in Notebook1 
 
Group N  Missing 
Median    25%      
75%     
 Trehalose  (n=30) 11 0 18.304 8.345 25.982  
  Sucrose  (n=30) 11 0 12.953 6.061 20.214  
Mannitol (n=10) 11 0 2.719 1.508 3.636  
       
 
Chi-square= 20.000 with 2 degrees 
of freedom.  (P = <0.001) 
 
The differences in the median 
values among the treatment groups 
are greater than would be expected 
by chance; there is a statistically 
significant difference  (P = <0.001) 
 
To isolate the group or groups that 
differ from the others use a 
t-test Sunday, October 05, 2014, 12:07:06 
 
Data source: Data 1 in Notebook1 
 
Normality Test (Shapiro-Wilk):  Passed (P = 0.152) 
 
Equal Variance Test (Brown-Forsythe): Failed (P < 0.050) 
 
 
Test execution ended by user request, Rank Sum Test begun 
 
Mann-Whitney Rank Sum Test Sunday, October 05, 2014, 12:07:06 
 
Data source: Data 1 in Notebook1 
 
Group N  Missing  Median    25%      75%     
 Trehalose  (n=30) 11 0 18.304 8.345 25.982  
Mannitol (n=10) 11 0 2.719 1.508 3.636  
 
Mann-Whitney U Statistic= 10.500 
 
T = 176.500  n(small)= 11  n(big)= 11  (P = 0.001) 
 
The difference in the median values between the two groups is greater 
than would be expected by chance; there is a statistically significant 
difference  (P = 0.001) 
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multiple comparison procedure. 
 
 
All Pairwise Multiple Comparison 
Procedures (Tukey Test): 
 
Comparison Diff of Ranks q P P<0.050  
 Trehalose  ( vs Mannitol (n=1 20.000 6.030 <0.001 Yes  
 Trehalose  ( vs   Sucrose  (n 10.000 3.015 0.083 No  
  Sucrose  (n vs Mannitol (n=1 10.000 3.015 0.083 No  
 
 
Note: The multiple comparisons on 
ranks do not include an adjustment 
for ties. 
 
 
 
 
Appendix 5-14 
 
Statisical analysis for figure 9-13 
 
t-test Sunday, October 05, 2014, 12:44:19 
 
Data source: Data 1 in Notebook1 
 
Normality Test (Shapiro-Wilk):  Passed (P = 
0.999) 
 
Equal Variance Test (Brown-Forsythe): Failed
 (P < 0.050) 
 
 
Test execution ended by user request, Rank Sum Test 
begun 
 
Mann-Whitney Rank Sum Test Sunday, October 05, 2014, 12:44:19 
 
Data source: Data 1 in Notebook1 
 
Group N  Missing  Median    25%      75%     
-40 °C 11 0 5.000 2.000 9.000  
-50 °C 11 0 14.000 6.000 20.000  
 
Mann-Whitney U Statistic= 29.000 
 
T = 95.000  n(small)= 11  n(big)= 11  (P = 0.042) 
 
The difference in the median values between the two 
groups is greater than would be expected by chance; 
there is a statistically significant difference  (P = 
0.042) 
 
 
t-test Sunday, October 05, 2014, 12:46:29 
 
Data source: Data 1 in freezing temperatures 
 
Normality Test (Shapiro-Wilk):  Passed (P = 
0.999) 
 
Equal Variance Test (Brown-Forsythe): Failed
 (P < 0.050) 
 
Group Name  N  Missing Mean Std Dev
 SEM  
-40 °C 11 0 5.500 3.834 1.156  
-50 °C 11 0 12.818 8.289 2.499  
 
Difference -7.318 
 
t = -2.658  with 20 degrees of freedom.  
 
95 percent two-tailed confidence interval for 
difference of means: -13.062 to -1.574 
 
Two-tailed P-value = 0.0151 
 
The difference in the mean values of the two groups is 
greater than would be expected by chance; there is a 
statistically significant difference between the input 
groups (P = 0.015). 
 
One-tailed P-value = 0.00756 
 
The sample mean of group -50 °C exceeds the sample 
mean of group -40 °C by an amount that is greater 
than would be expected by chance, rejecting the 
hypothesis that the population mean of group -40 °C is 
8 
 
greater than or equal to the population mean of group -
50 °C. (P = 0.008). 
 
Power of performed two-tailed test with alpha = 
0.050: 0.715 
 
Power of performed one-tailed test with alpha = 0.050: 
0.822 
 
Appendix 5-15 
 
Statistical analysis for Figure 9-15 
 
 
t-test Sunday, October 05, 2014, 12:55:08 
 
Data source: Data 1 in Notebook1 
 
Normality Test (Shapiro-Wilk):  Passed (P = 0.136) 
 
Equal Variance Test (Brown-Forsythe): Failed (P < 0.050) 
 
Group Name  N  Missing Mean Std Dev SEM  
Sucrose, controlled 23 0 8.506 3.943 0.822  
Sucrose, spontaneous 23 0 12.980 7.570 1.579  
 
Difference -4.475 
 
t = -2.514  with 44 degrees of freedom.  
 
95 percent two-tailed confidence interval for difference of means: -8.062 to -0.888 
 
Two-tailed P-value = 0.0157 
 
The difference in the mean values of the two groups is greater than would be expected by chance; there is a 
statistically significant difference between the input groups (P = 0.016). 
 
One-tailed P-value = 0.00783 
 
The sample mean of group Sucrose, spontaneous exceeds the sample mean of group Sucrose, controlled by an 
amount that is greater than would be expected by chance, rejecting the hypothesis that the population mean of 
group Sucrose, controlled is greater than or equal to the population mean of group Sucrose, spontaneous. (P = 
0.008). 
 
Power of performed two-tailed test with alpha = 0.050: 0.691 
 
Power of performed one-tailed test with alpha = 0.050: 0.797 
 
 
 
